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1, INTRODUCTION
Duriog the past fev years there has beean an upsurge of ipter-

est in the effect of free surfacses on the lattice dynamical prop-
arties of crystals. There ars several reasons for this increased
sctivily. Trom the polnt of view of fundamental knocwledge, the

¥ development of oxperimental techniqucs such as low cnergy electron
difiraction hss pade availablo experimeatal information concern-
ing the dynamics of surface atoms. Those experiuental results
have in tura stinmulated theoretical investigations of the phencmcna

involved. Fron the point of view of applied rescarch, the use of

|

\

-7 5 surface elastic waves in devices such as delay lines has led to
‘ l‘ ouchk activity concersing the contlinuum theory of lattice dynamical

. surface waves, particularly inm piezoelectric crystals. Ja the
purely thacoretical side, the investigation of surifsce effects oo
lattice dynamics bas been aided considerably by the availability

of high-speed computers and the development of many-body theoretic
t;chniqhes.

In the present review, the theory of surface mo@es‘of_vibra-
tion ia crystzl lattices will bs developed from both the continuum
and discret; lattice poinis ol vi?w. The dispersion of surface
node frequoncies and the damping of surface mades by both anharmon-
icity and ipperfections will be discussed. ‘Changea in normal
mode frequencies produced by free surfaces will nodify thermodynkmtc
. propertios such a5 spocific heat. These effectis on thermodynemic

praperties will bo reviewed,
Particular attention will be given to offscts sssceiated with

ths interacsion of particles and radiation with crystal surfaczesz.
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I; t%b case of low energy electron dilfraction, the Debye-¥Waller
factor provides information abcut the mean-square displacements

of surfaco atoms. The inelastic scattering of electrons or aneutral
atoms {rom crystal surfaces can provide kmowiedge of the dispersion
of surface mode frequencies. Mean-square velocities ol surface
atoms may be studied by means of tho sacond order Doppler shift 1o
tho Missbauver effect. The intersction of electromagnotic radiation
with crystal surfaces may ba manifasted through cither infrared
absorption or the Raman effect. Both of these phenomena will be

coviewed.

After tho present review was started, the excelleat treatise -

. on the “Thoory of Lattice Dynamics in the Hormonic Approximafion"

(1)

by Maxadudin, M¥ontroll, ¥Waiss, and Ipatova appesared.”” Tho readsr

ig reforred to the chapter on surfaco efiects contained therein,

. -
e
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2. SURFACE MODES OF VIBRATLON

A knowladge of the aormal vibratioanal modes ol the atoms in
2 crystal i essential for the calculation of the lattice-dynamical
propextias of the crystal. Thus, to study surface effects, it is
imporsent 4o know the effect of a free surface on the normil mode
frequeacies and elgeavectors. Generglly speaking, the creation -of
a Iree suriace teads to lower the pormal mode frequencies and pre-
duze a £l~ss of modes called surface modes in which the displacement
ampl{ tudey are relativ;ly large at the surface and drcrease in
eusentially exponential fashion away from the surface. These effects
may be viewed as arising iu the following manaer. Starging fron
a periodic crystal, one may create 2 palx of free surfacés by set~
ting to zero the iateractions coupling atoms on oppoéitc sides of
a plane lying batween two gdjacent lattice planes. This decrease
ia coupling constants produces a lowering in normal mode frequencies
and an increase in the mean square dispiacements of surface atoms.

In partic&lar, surface mode frequoncies are typically split oif from
the bottom of a hand of bulk mode frequencies having the sane wave
vector éomponants paraliel to the surface. Howevef, this does not
maan (hat there may not be other bulk modes withk lower frequencies
thar surface medas of the same wave vector.

Surfaco modes nmay be derived from either the acoustical or
optical branchas. We shall begin our discussion by coansidering the
cencinuga theory of surface vibrati?nak nodes derived {rcm the
acoustical branck, For the case of an isotropic medium, we shall
bs led to tho-oldest examplo of surface vibrational modes, nakely,

Aayleigh saves.(2)
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4. Continuum Theory of Surface Vibrational Nodes.
Within the framevork of linear elasticity theory, we may write
Hooke's low in the form

' m
g . =cC T (1)

*here cpq is an element of the stress tensor, cpqrs is an element
of the elastic constant matrix, u, ig the r—~th Cartesian cowmponent
of displacement of the medium at the point whose position vector

hus tho &-th Cartesisa component X The summation counvention for

-
repeated indices is assumed in Eq.{(l). ¥We shall take tho 1 and 2
Cartesian components to be parallel to the free surface,

In order to discuss vibrations, wo nesd the equations of motion

which can be written in the form

.- azur 30, )3 @
. 0 - e r e

where p is the density of the medium. The definition of tho problenm
is completod by specifying the boundary conditions at the free
surface. 1f the free surface is specified by Xg™ G, then the bound-
ary coaoditions correspond to vaoishing of the three components of

rtress acrosy this surizce:

8.3 ™ ¢ at g g, r=1,2,8 {3)

At this point it is heipiul to specialize to a cubic crystal

with priacipal axes parallal to tho coordinate axes asd adopt the
'

Yoiygt ° 2) sotstign for the vlasiic comsiants. Coxbining Egs.{1)

acd {2) we obtain the oquations of motios .




2
du 3 [, v Sy, 2u
Pl [cn ax+c12(ay+az)]

2

oz (4)

ou v
- eTam
(oz X

)

plus two other equations obtalned by cyclacaliy perauting (u,v,v)

2 (2, 2y
+c44£ay(ay* ax)*

and (»,y,z). In Eq.{4), (“1’u2'“3) have been replaced by (u,v,w)
aad (xl,xz,xa) by (x,y,z), respectively. The boundary conditions

take the form

aw . 3u aw | dv
< ¥ 3z ¢ , 3y + 5z Q
s \ . {5)
u v v .
12 (’éfi*'é';) eyt :

Surface wave solutions to Egs.{4) and (5) are characterized
by an expoaential decrease in the displacement amplitudes }n the

positive z-directicn. We accordingly seck solutions ‘o the torﬁ

(u,v,w) = {U,v,¥%) exp {n{~qz+i(tx+my—ct)]} (6)

vhere ¢ 18 the phase velocity, x is the magnitude of the two~dimen~

gipnal wavo vcotor describing the propagation paraliel to the sur~-
face, q 18 a dirensionless attenuation constant, and 4,m are the

direction cosines ci the propagation direction. Substitution o}

EQ.{(8) into E3.{4) ylelds the followsag szcular squation which nust

bo satisfied 1f the assumsd solutlon is to bs noa-trivial:

g, aatpi-q? talgy+1) 1a(g,+1)
wa(gy+l) | £3+glaa-p2- 2 nq{ga+1) . =0.
: 7

/
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In Bq.{7), gy = ©33/%4s 8p = Cjp/cgy 5 300 p¥ © peT/oy. In
general, the solution of Eq.(7) gives three values of q2 for given
vilues of the velocity c and direction cosines {,m. Denoting tho
three valhes af q with positive rcal parts by qd, 3=1,2,3, wo seck

to satisty the boundary conditions, Eq.(8), by the superpcsitions4)

3
(u,v,iv) ~j§1(§3975.cj)xjeXp {x{~q3z+i(4x+my~ct)}) (8)

“where

.

3y~ (L2+slm2°92-q32)(p2+g;q52*1)-m“q32(32+1)

- 2 e Vg2, 2 2
¢ LQj(g2+1){m (g5+1=g; )~ L 4p +q, ]

Substitution o Eq.(8) into Eq.(5} yields a set of linear homogoneous

eguaticone in the anplitudes Kj whese non~trivial solutiop requires
tbhat

[0 = 0 ' (10)

fay = MyT %
f25 = ®4m Gy
r33 - lgj+ m Ryt (cn/cm)qjcj

The quantities qj which appear in Eq.{18) are known functioss of
" .

p” from tho solutiaen 0% Eq.(7), ihe sccuiar equation. Eguation
(10) can thereiare be used to dsterpine the surface wave velocity

or frequency aud will be caslled the frequency equation.

1) .
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The nature of the surface waves in a given situation depernds
on the elastic constants of the mateorial, the crystallographic
plane to which the surface is paralilel, and the direction of propa-
gation of the wave. W¥e¢ now coasiderxr solu:ions.ot Eqs.{(7) and (10)
for some special cases,

{1). Isotropic Case,. .

An isotropic elastic medium is characterized by the Lamo ’

chstants A,u which are related to the usual ela®.ic constants Cyys

Cygy 80d T4 by

Cyp = M2, =Xy Oy h To(12)

Bquations (12) imply 2 relationship amoﬂg the elastic constants

which is given by

P

€11 ™ Cyp* 2044 1 7 R ¢

For an isotropic material, the surface wave chiracterigtics
are independent of the direction of propagation. Ve therefore take

4=1, m=0 in Eq.(7) and utilize Eqs.(12) and (13) vo obtain’ the

aclutions
. 2—2- %
@~ (v ¥) (142)
213
. S =ay” (1‘ P )‘ (14b)

wiere g = (M+2u)/ . We note that p is the ratio of the wave '
vel-2ity ¢ to the velocity Sy of transverse bulk waves, while

p/g% is the ratio of ¢ to the velocity o7 of longitudinal bulk
waves, In grder to satiasfy the bouddary conditions, one aust super-
pose solutions corresponding to 9y aﬁd qg. The Irequency equation,

£q.{10}, ouan be roeduced to the fora

S




g(pB-8p%i24p-16) - 16(p3-1) = 0 . (15

Solutions of E..(15) corresponding to surface waves must have

c<c,,c, So that a9 and'qz given by Bqs.(14) are real.

Physical valiues of the reduced surface wrve velocity p obtaiped

by solving Eq.{15) range from C Y6 for g =~ « , the incompressible

cage, tc ©.69 for g = 1.333...., the samallest valuc of g consistont
with crystal stability., The displacements associated with the ’
surface wave can be expressed in the fornm
- I - - e
S Ol ST I B B S i
] . (16)
v e 0

% = 31X {1_0(p2/g)] &[e.'ml“_ (1"%92)-13‘ mzz-}cix{x-ct)

where K-'is a constaat. We note frow Eq.(16) that the particle diSﬁ
placements execute ellipses ip tho sagittal plane~i.e., tunc plane
containing both the surfuace normal and the direction of propagstion,
We further note that iwc atienuatior coastants, q; and g,, are
reguired to charxacterize the surface wave in isatropiz mdterialu,

¥or the incompr.ssible case, Q= 1.00 and s - 2,30, A dlagrenm

illustrating the displacepments for g = 3 is shown in Pig. 1.

{i1) Anisotropic Cass, Cublic Symmeiry

. i &. Surface waves on the {001} surface . i

For the case of the (001) surface of a cubic cyystal,

one must solve Eq.(1d) for the recduced velocity p using ¢he values

of tha 2lastic constant ratios‘gl and gn appropriatoe to the crystal '

3
[y
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T erslized Rayleigh waves. ’ = i
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under congideration. For an arbitrary direction of propagation of

thn surface wave, it is difficult to obtain an equation analogous
to Eq.(15) fer the determination of p. However, Stonelcy(4 ) was
able to derive such cquations for the two directions of nigh symmetry:

Iun the [100) direction, he sbtaimed the equation

2 s 2 3 . .
(1-p* agf’-gz -g192>? - r;lpé(z,;-pz) iy a7
~ T X
while in the [110] direcction, he obtzined the egualion
2 P .
(i-p )(sla;;,*szz"zlpg)z - gip‘légg“pz} -0 - 28)

whers go = (g 45,+2) . In othor dircciionms, it is necessary to

solvo ¥as.(7) and (10} simultaneously using & computer.’ Tho dis-

piacenent prtiorss for suriace waves 9fgpagatgng 1n*t§e [ZQQ] Qnd

{110] ¢irection~ are qualitatively similar to the isotiaplc c;seé

1.2., the displacements ars superpositions of twd 2ttelusted sercs

and trace out elzipses lying iz the sagistal plane-éith a prinscipal

axis perpendicular to the surface, For other directions of propa-

. gation, the displocemanty are suparpoaitions of ‘three attenusted
terss snd treace out e3lipses which in general ave incliaéd &t Scme
aonosers angis te the sugitdal plane.

It i2 found upon Solving Jor the veduced velocity p and'thé‘
atteauztion congirats 4y thas surface ¥aves :aﬁy ex,ist';:gaving eitrey
Toad or cosplex attpaustion Can3idLLs deﬁending ¢4 the slastic con~
stanty of fhg‘aaierizz. Surface waves characterized by real atten-
9ﬁ§tio£ gonstAnts will bo oslied ordinary Ray;eign‘éavééi whily thosa

characterized %y goaplex atteauation congtants will be caXxded gqn~A‘

B
4
%
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13.

* Tho diagtinction botuecen materi2ls having the two different

types of surface waves can be illustrated grephically using a plot

VU Y

of tho elastic coanstant ratios 8y VS 8y The case of propagation

in the {31003 direcctiun is shown in Fig. 2. The region of crystal

gtability is that to the right of the lines 818> and g1+2g2~9.

Points cerresponding t9 & asumbsr of well-koown cudbic crysials are
ghowa,

Baterials te the right of the 1line labeled “boupd 1Y possess
ordinary Rayieigh waves, while these to the left of bound 1 possess

goaoralized Bayleigh waves. The line of igotrepy gy~g,72 s shown

in Fig. 2 and is snén to lio entirely in the ordimary Rayleigh wave

region as expected. One may scte that vgétﬁég 2 surface wave is 4n
,ordipary oF & gengraliicd Raylpigh vavéﬂdoes net simg}}iqprrespoq& -
to whether the aoisstropy p;rzmafcr ?64;/(cll’cl§; 15 less thas of
greatéi'ﬁpnn upity, :Eséecziyaly. 1he lize labeled “vound &' in -
_Fige % w4)L Be discusved iater. ‘ ol ‘
‘Since cubic evystals iz gonersl are a&iébtropi'v,. the volociiy o
?5 surince wavaz will depez'xd on thoir diréction of propagstion. :
The resulis of solyiné‘tﬁe frequency equaiion, Bg, {(30); fox the
surface wave—ve;ucities'éi seversi paterials is éhﬁwn(s x:in g 3

whors the reduced velocity p iz plitted as & function of directicc -

(R}

of propagation on the (DGY) zurizce. I5¢ sess that the wlocity

varigs:vsry szﬁwlx 267 thr AIkAL1L héliées ¥ and Faci, but srovs .- § K
a ga}e prongunced ya?iabiﬁgi igclé§iag 2 ﬁnzixdb,»fartal,,&i:aaqg% - -g: 1
zin£~§ieude,‘and~cu. ‘It-aaé héagq:éd‘thgt these nlggli heiides ;~ };:: 3‘. . ¢
oxuibit opdinary Rayleigh waves, éxn'eg}g'aas the othes meteridl.cxhiBAS - ¢

¢

gonexslized Rayleﬁghugg?ésgx'éqngﬁéi»péiﬁf:;hicb nty 30 made 38 i T

that the sliaid halide BiF, &4 -eoutrast to XC. and Wa

- e

'l

o
VDTV,

Ct; has géser ..

-
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alized Ruoyloigh waves. -

The three attonuation <onstante qi,qz,qs required tp charzeter~

HARRSUS LS

ize a Rayleigh wave vary smoothly and rather uninterestingly with 1

,.

directisy of propngﬂ.;ioxi for the ordinmary Rayleigh wave m.tari::.}s
«  KCt 1nd Facl. For a generalized Rayloigh wave matorial such as i
Cu, however, hg sttenuatlion c:mst‘anes exhibii the rather iateres‘» ) .
ing bah.&ior bhovm( )in Pig. 4. Hewe ql and th: real and imagircary }
nerts of q? xng 93 are pmtted us "unctiaas & direction of propa-
gation., One notles t:zm‘r qz gooes l:o Zayn when the directisn reaches

_ the {110} directian. This moand that the surface wave degonarates

40 a bulk wave at Jie {1103 direction. Early pumerical ca,icglationa( S} kY

indicated tnat q, reaches zexo Lofdre the {11Q] dirpotiss is resched,

. - but receatly more precisa calcuiatimss( ) have shown that it is

i}ns&' is the (310} @i¥eetion itself-that g; 15 zexo. Nevertheless,

- 'ths “‘Feneralized ‘Bayleigh wavas ysnetrnte desply into the natorial

(- propag»t;en gear the [110] directisn, and for crystala of ordin-

2%y thickpess 6.1~1.0 cm, surfacs waves will cxist pear {110] only

2or veyy short wave hngths.

From.the foregelng one cozcludes ibat the surves in Fig, 3 im B

I

. the gonernlize" Rayied gh swrye materdalg correspoad 20 bulk (trassvcrxe}

YavEs whoo the {11(:3 dirsction is Peached. ikmes'e.., surface waves

(do esist for these xe.a orials fn the { 1103 dirw‘.iea, prt the wels -

EE |
ouitien xve higher thap Jze imiCiang vol geities in the fizel 7 . §E~

-

direct.ian shown T & Fzg, 3 The trao surfzce wava valn«ities are

so}ut;_ons of ¥q. {18}, scx &1, the mdneeﬁ v:s‘acit, p ef the szsrfm:e

wayy 5.33 Tound ta be 2. 83 which may be ccnparnd :g: tzsa uni CABT. ra~
éacaﬁ vaimit; of 0.56 j.n the '1161 dixes..iem

~ - - T o v
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We new ask-which cubic materinlds have the surface wave velocity

-in the {3327 dircction higher than the limiving velocity in that

The answer is those materials

direction for the surface wave branch.

. whose pizzile constant ratios fall to the left of bound 2 in Fig. 2.

Bound 2 itgelf corresponds to the squality of these two velpcliiies

and i@ shiained by eliminating pz £ros Eg.{18} and fros the equation

p% - Mgy ~ 0 (19

which specifies t:s limiiisy raduced velocity im tho [1i0] direction. -

The resuii 1s,

2(0"8 +3. 2) <g1}y‘t"g“\ ,5.1* ¢

. shich 15 the equatich Loy BoLl . B

b. Psecudosuriace waves on {(001) surfaces. ) . ’ i

The Burface wave int the [110) direction on the {001}
(6,7}

plane of Cu is the limiting case of so-called pseudosurface waves,

For directions near the {110] direction, these wawes dovelve dis-

placezents of :ﬁe type given by Tg.{ 8}, but oans of the attenuation - -

constants qj is pure imagénary rather thnn rezl or coaplex. This . R .
- %

moaas thal there i8 & component of the wave.whicb daes nat &a{cnaa.w i - -

35 Dl

in the direction away from the suriace; &aaca , tho nomp pseudcsu;nage

wave, The non-attenuatad component cadzea 8 flow oi\eaerzy asRy - -

L

fron tha surface, ’rhis in turn Taquires thz, the Jaye vec;m Lo~

Y

- pcaeﬁ‘ parallel to thc surfacs pave ;::aginaw parts 3y so thrt the

waye deeays a8 it prcpaga»es a.mxg the wx‘zac':.u in nany emes, tha

decay ig 50 szall that :he ;;89Ld6=vrf~&m wa'/c iwx reaéi‘.&y myvaﬁe.

- -3 -

“Ia E‘ig. 5,»,psmxdnsur1:m wave yoleos xz:{es czlcu& :.e*:i %g Lis snd

.
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- ropresentative of thay for othar cubic materials sxhibiting pasud:

T surfnce ysvas. - .

VIl A XYL N ST g Y A iy g e et s
W N R

?

below 2.°, the pseudosurface waves are nearly pure Lulk waves,
“while at 45%, the wave is & pure surface wave, Also shown in Fig.5

are the curves for the generalized Rayleigh surface wavaes and for

the lower transverse bulk wave, as well as experimental pointsi7)£or

the surirece and pseudosurface waves. The bulk wave curve approaches

.

vory closely to the surface wave curve for angles grearer thao 39°
and finally werges with the surluge wave surve at 45°, A= we have
geen, the surssce wave degenerates isto a bulk wave at 48579,
Pseudosurface waves 22¢ typically exhibited by matorials haviag
elast;c constant ratios to the left of vound 2 in Fig. 2. A number

of spocific matorials are discuseed 4n detzil iy the recént review

article ﬁy:rarnell.( 8) opa stteation for Cu i, however, Tairly
A

= *

B . .

c. Surface wavss egnd psaudesutﬁaea zaves.on the (1107

arnd (211) surfaces

Rarlaich waves axist on the {}}0) snd (111} s%r;aces
_of cubie exystalss {%afériais which exhibit ordissry Rayleigh waves
on the (ebﬁ} éafiace/frequantly exhibiz generaiiﬁbd Raylesgh wavas
$n>tho (3310} surfsce and vice-verss. On ths {111} surface, the

SuUriase waves Lra typiézlly‘er the gonsralindad g;ylaigh Tepe.
?seudasurface:wavgé’gnfﬁexistan both {110} and (R1}) surizces.

CFor fuPitor informatidn cotperning surfacw wRVES 9b various sur-:
facos of botk cuble znd nasféubicingiariyisgrtﬁa roader may con~

‘sait‘ﬁhé'f§¥$§t.iy-?srnéil.{m%? S B . )
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(1152, Kon-Cubic Materials.

¥hen one investipates materials of lower symmetry than
cubic, the calculation— become more formidable and & general, sys-
tenatic treatment becomes desirable. Such a treatment has been
given for the non-plezoclectric case by Ingebrigtsen and Tunningcg)
who utilized a six-dimensional vector fermalism. .

Specific calculations have beea carried out for a numbex
of cases. Dereslewicz and uindlin(n) showsd that surfuce waves
can propagate on the AT cut of quaretz. Sagan et.al(ll) have ex-

perimentally observed both surface and psecudosurface waves on

various surfaces of gquartz, Theixr datz are 4n reasonable agree~
(12)

ment with thoorotical calculstions. Earncll(s) hag
sunmarized results of surface wave caleulaticax for a variety of
tetragonal, hexagonal, trigonal, and orthorhomdic materials, Some

of the features revealed by these calculations will now be dis-~
cussed.

Surface waves propagating on the basal glang {(001) plane) .
éf totragonal crystals show marked similaritles tc sur{ace waves
propagaticg on tha (001)'plane of a cusic crystal, Soxze uaterigis
such as tin and zircon have ordivary Rayleigh waves with 1ittle
variation of surface wave velocity with direction. BRutlle, oa
tho other hand, exhibits both generalized Royleigh waves and psoudo-
surface waves, and has a marked variaticn of surface wave velocity
with direction. The (11G) plane slso exhibiis surface wave bo-
anvioé analogous to thst found for tho (110) plane of cubiec grys-
tais. The (D20} plane, bowaver, hss lower synzmetry than the
corresponding plune of & cubic, crystal, and the surisce wave

. .

[ 2 S0 LB S SR :',«,-J;';; P PR . ‘. ¥
-

= kS

o Ak Ll e

SR

LY




T ISR SR O e, e 4 SN BB g S N R Ay R A

LR L P
-

behavior more nearly resembles that of the (110) plane than the
(001) plana. .

‘the basal plaie of hexagonal crystals is isotropic
for th. propagation of surface waves. For some materials, such

as CdS, Znd, and Cd, the surZace waves are o©f the ordinary Rayleigh

R et s B R s T S g P PR

type, while for 2Zn the suriaco waves are of the generalized Rayleigh

type. The basal plane of yrigonal crystals is noramal to a three-~
f0ld axis of syumetry and, as night ba-expected, exhibits su;face
wave behavior similar to that qf the {111} plane of cubic crystals.
For further rerults on non-cubic cryesals, the article by Parsell
=y we acnsulted. .
(41v), Plezoclectric Materials,
a. Geaeral discussicn,

L3

Many piezoelectric crystals huve electromechanical

-coupling constants which are sufficiently snall o that the piezo~

plectricity can be neglected when one is discussing suxrface elas-
tic’ waves. For other materials, such as lithium nicbate, this is
.no longer the case, and the surface wave probles must be reformu-
lated to 1pclude the piezoelectric coupling. This has-beén done
by Tseng and %hite(la)»and by xraut.(14) The three Cartesian
components of displacoment must be nugnented ss variables by the
gcealav potential ¢ sssociated. with the electric field produced by

2ho strains. The stress is related to ths sirain and to the

gyzddent of 9 by

2u
o 2 2.
%5 " S%spq 9% . %rs o= - @1}
; q .- B .
whara the eprs sre the components o0f the pilezoelectiric céupling
- PLERY [ \d ] -
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19,

tensor. The oquestions of motion are now obtained by subsiitution

» 3

' of ¥q. { 21 ) into Bg. { 2 ) giving the result

L]

%, ; du ' '
RS I 4 p o
P Btz Bx& \crqu Exq + oprs 3xp . - (22)

The constitutive xelation involving the electric displacemsnt

2 snd the dielectric tonsor epr'

du
- r o_ e o0 :
%p " ®prs 3%, ~ “pr T, (23

together with the Moaweil equatioa

. vy~ 0 ) (24) .
yiolds the equation .
» * . . au \
3 r e Y . - .
Cw %= T Srex, ) U O : R oo

which is to be solved simultaneously with Eq. (22).

The boundary conditions for a surface wefined by the plape

33-0 have the foan

aup && ] . .
%3spq &y * ©pas ox, =0 8= L33, . 29 3

.

cerresponding to the vanishing of the tprée components ¢f stiress

-

at x3"0, and .
- a4y ; ’ : 2
3 - by ] - :
"% TCmsTL T % T CED
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corresponding to the continuity of the normal compongot of D ot
x3 = 0. In Eq.{27°), ¢ is the electric petential outside the
erystal. It pust satisfy Laplace's eoquation and approach zZero
as Xg -,

For a general direction of propagation, one has 4x4 detor-
ninants in the secular equation and the frequuacy eguation ratber
than 3x3 determinants as in the non-plezoclectiric case. Surface
wave solutions have been calculntedﬁﬁ) for a pumber of plezo-
electr}c materiais. In an approximate seise one cag eLpress the
surface wave velocity in terms of clastic constants Vstiffencd”
by the piezoelectric coupling. Another consequence of ithe plezo-

s

alectric coupling is tho exdstence of a new type of surface wave,

tho Bloustein-Gulyaey wave. (15,18) , .

Specific calculations for-the interesting matsrial- - -

lithiun niobate have beod carried cut by Cambell and Jones.(17)

Their results show that opission of the piezoelectric cnupl}ng
lesds to surface wavc velocities which are on the order ;f 15%
too lew, Tseng and white(ls) have calculated surface wave veloc-
itiszs on the hasal plane of CdS, CdSe, Zn0, and lead-titanate
zirconste. The effeut ofuvnrious electronagnetic boundary con-
diticns on surface wave propagation in pilezoslectrics has been
investigated by Ingebrigtsen.(la)
> b. Bleusteln-Gulyaev surface waves. . ‘
In the case of piezoeleetsic crystals a surface
wave 15 possible which haug no counterpart ia ordinary, non-
piozoelectric crystals. This wave was independently disgovered
by Bleustoinils) and Gulyaev.ele) It consists of a vransverse

wave daving itz mechanical dimplacenment parailsl o the surface.
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%npprdinnry surfeco wave, on thoe othor hand, hag its mocbanical
isplacement nor~parallel to the surface, Consider a metsricl

such as CdS belenging to cless C. and having stz six~fold axis 1
v -

perallel ‘to the X dirgction. If we consider a surfaze defined !
by Ry = ¢ ang vestrict ourselves to displacoments only in «ao

-3-direction which are functions only of x; and x,, then Egs. {22)

52
2 2
PrrTC4s S Mate v @ : '
t -
{ZB8a)

: 2 2
0= e " U3~ €, 79 (284

-

2

\ V: A :~, and { 28 ) raducoe to .
|
\
|
\ where ¢

is tha Laplacian in the variables %y, %, and the Voigt
notation has been uszd for the Elast%c and pieczoelectiric cunstanis.

The nep-%ivisl boundary conditions at Z,=0 can be written us :

... OUug 3 . .

7R ARt A A . (2%2)
. ;,? TR ) - 7 5 2 T * . ’ T
\ N . - ‘ 3 - 3 3:9 o ¢ . . !
\ ‘ ; T 2 - Es %, 2315 29 - e11 3x2 (29b)

- R 2

PP S SR S

Taxing . .
uy ~ A cos (kxgutiexpl-gxy), x,> 8 ) (39a) ' !
¢ = B cos (kxznwt)exp(-kxz), x,2 0 - (300} ;
@ ‘=~ € cos (kxl-mt)expékxs) , §2§ o . * (30c)
| .

i Selt A -3
\‘ . : - g% 2k and substituting intc Egs.{28 ),'vo £ind oz a non~trivial solu-

-3
“tion that

pu? = T 053 . - Gy . 1
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Substituting Bas.{ 30 ) into Eqs.( 29 ) wo gat the relation

2
c .
15 y
€11 44 (¥€yy)

K

" (32)

Combining Eqs.(31) ° and (32), we obtain for the speed of tho

Bloustoin-Gulynev wavo
— 4
2,54, %15

3 p— 2
€)1 Cqq (+E5p)

v (33) -
It can be seen that the speed is somewbat losg than the transverse
bulk wave speed calculated with the piezecelactricaliy stitfened-

elastic constant 524. )

Bleusteiu(IS)'has also treated the gase in which
the nurface is covered with a grounded thiz perfectly co;duéting
lnyer. Gulyaev‘le) has considered the situaticon where free charge
esrriers arve present ‘in the crystal. ?Beng‘}g) has shown that
surface waves of the Bleustein-Gulyaev type can exist on certain
surfacos of certein classes of cubic and orthorkombic crystals.
Spocific resultg are given for Bl,, GeOy, {cubie): and Bay Nu Nb5 0;5
{orthorhombhic).
B, Lattice Dynamical Theory of Surface Vibrational Hodes.

{i). Static Displacements Near a Surlsace. '

Ir the lzttice dynamicrl theory, one assumes that the
zaterial undor considoration is mnde up of dizcrete atems or iung
which vibrate about cortain egquillbrius positioas. Feor an infinite
crystal these equilibrium positions sre sssociatad with tho sites of a
cryatal lattice pariodic in three dimensions, Tbg orystal c¢can be ‘




constiderod &s made up of unit cells, oach cell containing ¢ certain
pumbor of atoms., Tho position vector r(ix) of the a-th atom in

the 4-th unit cell may ba expressed in the form r({n) = g(a)(in§‘+
u{{x) where §(°) (41} 1s the pcsit&on vector of the equilibriun
site and u(4x) is the. displacement vector from equilibriua. Ia
terss of the primitive translation vectore of the latiilce By

29 23, one can write
, -

) g(o) (ij) =4y 8y + by Bg + by Ba + R(XD {34)
whers &, &2, iy are integzors gnd R(») i# the position vector of
the »x-th atonm relative to the origin of the unit cell.

We shall consider semi-infinite crystals with a free
surface parallel to some lattice plane. The crysial is Qariodic
in the two dimensions paraliel to the surface but not in tho di-
mension which is normal te the surface. Two basis vectors &, and
2, may be chosen parallal to the surface, while the third bagis
vaelor ag is cﬁosen aot parallel to thé'surfane. These dasis vee~
tors nay or miy not be the primitive translation vectors of the
infinite lattice. The equilibrium position vector R{4x} for an

-

a%om in the Semi-infinite lattice can bg’expressed as

B0t = 887 () « slin) ©s)
whoxs the vestor §{ix) takes inte account the “relaxation” cf
the eguilibriuvm atomic sites in 3he seuéhinfinitq crystal away
frén the corresponding sites of thas inf%n;ta erystal.

The static displacezents g({x) are cpeciffed by ths
equilibriun conditions -

: 3¢ 1 . o -
2ol ® = Ty by = gy T 0 0§39
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X=1,2, ... 85;a=1,3,3 %
i
where % is the potential energy of the crystal as a function of .
%
the atonmic positions and & 1S the number of stoms inm a unit cell. %’ ’ ;
N >3 ?
I the static displacements are small, they gay be deternmined by j :
expanding the forces appearing on the left in Eq. (36) in power 3 i
0
series about the configuration the atoms would have at equilibrium . ﬁ
iu tho infinite lattice: " ' ,%
: s 2
Folln) = Féo) x) ~ fb"%’:'ﬁ Qé? 2SR LD EACE0 B (35} g
: ©)een) = o 28 S - S
vhera  Fq () = - gmrmy s =0, . @8 g
Q(o)(&;)‘&'u'j - . 329 M . {39) ; '
af ' Oxrg (NIOTLLTATTIS (1), 5(L'%") = 0 ©
and higher tarms in the saries expansion are neglected. One should % T
3 A
note Shat the forces Féo)(tx) are not all zoro because § i3 the 5 '

°

potential energy for the semi-infinite lattice; in fact, the

Féo)(Lx) are non~zero for those atons whose distance from the

\
3
‘
-y ,m'h gt

surfaca is less than the range of the interatonie fo. ces. The
(0)
éaa

53
3
22

A
X8
E
Y
Py
4

{Lx;&'n') .are the harmonic coupling constants when the atoms K-

&ro in the configuraticx appropriato to tho infinite lattice. For

some assumed set of interatonic: interactions, the static displace-

20nts can be calculated frowm Fgs. (3@ and {37 by solving a get

of inbomogesoois aigebraic equations. ’

Physically, the sezi-infinite lattice nay be regarded as .

arising from the infinite littice by the ramoval of all atoxs
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beyond the bounding plane defining the free surface. Atoms neoar
the surface are then acted upon by unbaleonced forces, Féo)(ln),
due to the reﬁoval of the interactions with atoms across the
bounding plane and therefore rolax-to new equilibrium positions.
Symmetry frequently requires that the static displacements be
normal to the surface, but this is not always the case.(zo)

A general discussién of the relaxation of atoms near %
free surface has %een given by féuchtwang.(zo) A number of cal-
culations have been reported based on numer Jeal solutions fo
Eq. {36) using models involving Lennard-Jones or lorse potentinl
1nta?actions between pairs of atoms. For exanpla, various'sur~
faces ¢f face-centered cubic crystals with Lennard-Jones inter-
actiops have been gtudied by Shuttleworkh,(al) Alder ot al,czz)
Schmidt and Jura,(za) Benson and Claxtqg,(24) and Allen and
De ?\iettc:.(-zs--2 The results typically sgyw an expaﬁsion outward
of the crystal at the surtace. The incgease in the iaterlayor:
gpacing is on the order of 2-3% at the'§urfacc and decreases
rapidly townrd the intertox. Allen and de Wette(zs) have shown
that for an interatomic potential wvarying as l/xp, p > 3, taen
the increase in interlayer spasing varigs at large distances d.
from tne surface as 1/a™3, Thug, for a 6-12 Lennard-Jones
potentlal, the spacing varies as l/ds, # result previously given
vy Alder et ax, (%2

Tho (001) surface of a simple cubie lattice has been

treatad by Yua and Benscn‘zs) using a Lonnard-Jones potential.
They 2ind oniy a 0.5% increase in~inter}&yer spacing at the sure
£acs. Va11(27?, on the other hand, uged 2 Worse.potustial and
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3 2ound o 2% increage. More cxtensive use of the Mo .se potentis ‘ -

(28

hns been reported by Jackson ) whe st diea the (100) {110, .

and (111) surfaces :. . vzriety of ...e-centered and body-centera:

PO R Ner - Nt

cubic metals, He fiand some surp.l-'agly lerge relaxations of tho

eurface layex B.g., 20% for ths (1°0) surfaces of Ca nnd 8r,
and B0 - 95% for the {111) surfaces of alkali wetsls., Whether

such large deviations from the bulk interplamsaxr spacings are

Considerable work has been donc on ionic crystils of

th2 alkali~-nalide type by Benscn and coworkcrs.(zg) For tho

(190 surfsces, they find typically an alternating contraction
and expansion o2 the surfnce ;gyers.~ The surface luyer con-

tractions vange Zrom about seven parcent for Nal to ona~hals

» -
-

g
physically reasonable remains to Y& sesn, : % )
porcent for ROF, - N . %

Banson nnd coworkers sllewed only the 2irct 2ive surface . g
layers to xelax, but parmitied separate relazation of the cstiens and

{30}

priong within these layoers, Tong snd Maradudin have followed g

differet.t tnck by congldoring s XaCl erystal of 135 layers and al}%wiag

21l layers to relax with respect to both intralayer and interlayer
spacings. Taey 4id unt, however, allow sepagite~reihxatiqg‘o£
cations snd wnions and required the dntralayer relaxation to ba

the samg 1; 211 layers. Thoy found ad infralayer contraction of
atout 1% relative to the infinftercrystal };g;z;ég:téﬁj@ighag% gpacing
_gﬁ&.s& 1n§§x;syeﬁjgxp;gsiaaﬁﬁg ahout ;zl:éigque 1o %&e-nsﬁ intpe-~
lsyor q&txas;»n@igybégjsﬁééiﬁgf ;fﬁguigtgiisxgg axy§gsiq? is o

soag%ﬁaﬁ ssallier gérfhe;éukfaca than io dhe interier. . | -
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Relatively few analytical results for the static dis-

placenenta near a surface have been presented. Gazis and Wallis(al)

have solved Egs. (36) and (27) for a semi-infinite linecar chain
with nearest and next-nearest neighbor interactions. A similor
calculation has been carried out for a body-centered cubic lattice
with a2 (001) surface by Clark et 31(32) using Lennard-Jones inter~
actions between nearest and next-neavest nelghbors. In both

cases the stoticidisplacements werelfound to vary as e:p(—qlg)

. fbr a surface gt Ls = O whersg 43 is an }nteger 2 0 ladelling the

. iattice pizanes, @ has the form g ~ a, + ing, 9 is & real .
positive wmumber on the-order of unity, and 8 is 0 or 1 depending -
on the force constants. This expoaential drop-off of the static

displacements with distance from the surface is to bo conirasied

* o .
with the “inverse power law depondence obtrined by Alder et 21(2%

{29

. gnd by Alles and De ¥Wette for Lehnard-Jones interactions
between 21l atom pairs rather than jist nearest and next-noarest

2

!, neighbore, .

—

41). Equations of Hotlon for a Crystal with a surface. ] -

arsald

“

The vibrations of the atoms én the crystal may be ana- .

oy

lyzed by expending che potential energy in power series;in:the

e

conposeats of the displacenents from the eyoilibrium sises of ‘the

semi-infinite lattics, - - ‘

O (o, 2 (g (0mty "
oV % fa Vx'at agt Tt e ple B - |
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2
e 32 :
tag (802" = SETEYSTITHT [{u(in) = o 1)

3
Sl b UG NY e av¢
Bagy (4 8501 V) = o ST, TR OB RT (8] =0 (41n)

and [g(in)) stands for the entira set of displacenments 5(4,5&).
‘The coetf‘.cients iaa(tx,t‘u',t"x"), atc., are the harmonic cou~

pling constants, the cubic snharmonic goupling comstants, etc.

The couplin}; constants must satisfy certain invariance
conditions. The periogdicity of the lattice parallel to the sur-
f£3ce (specified by 43 «'0) reguires that ths eoupling coefficients

. crences & - 4, 4 - -,
be functions only of the differences 41 41{ b= B 4 -4,
.4’2-2,", etc; hovever, they sre in gemeral functicns of &3, «!.é,

5, ..o Beparately. Inyinitesimal translationsl invariance re-

.

quires that .

: :

,:‘,E, Qua(&n,{.‘x') -, ,(.2-':1' Ly iam(tx,t'x',&"x") = 0, gte., (42)
while fnfinitesimal rotational invariance requires that

- :
,j;;,{ '}aa(&n,é’x‘){ay(&r.) - a.{‘ww)]

QGY.(Lx&‘x')[Rs(L:s) - Rﬁ(& u")}} ™ O (43)
with corresponding equations for the anharmonic coupling-soeffi-~
cients. The constraints imposed on tha coupling coaijﬁéﬁents by
rotationsl invarisnce are particulsrly important Zor ‘sx;rzace‘

prohlens, (32)

-

. £ ‘\ﬂ
ST R

e

2
Dot

o

5 weanl s nra

PN ,
. v, ,
¥k el Bee el

T o



R S X

& & 291

The normal nodes of vibratioan for the semi-infinite

crystal may be found by solving the harmonic esquations of motion
for the displacements u{ix). Using Eq. (40}, thesc equations H
can be written as . L

2
y ¢ ua(im)

&
R L4

- - ¢
atz “(ij

) { 4%)
- :.E:a gaa(L"!L'.n’)iiﬁct' K‘}

where w6 have used the symsutry property 2, f&x, PO

3,. 4", 4x). Zhe solution »f Eq.{44) i< copplircatad by two fnctors,
% P t- -

Fik’st, 'tnere is no peréqdl‘ei‘ty of the ai‘.onic sitas i u:gz djrec-

t..lpn aomal o the burfzce, saccnd the co.xp*i I3og e:oaL:cientB

(I.r, Tt} are not neéessarily -the 5a:m as ine correspondiue

coei‘i:.cienfg ‘for the ;nfgni~te 1att..<:e! "» . - . }

A ggner‘al d:ecussion of the coupling censtants in a semi- ’ #
inginite cry=tal has been given by Fcuchtwaag @20) One may expand
the coupling coefficients in powar ser‘.es in the static displace-
monts S{x):

¢ - (o) - (o} t P "
éaS(Lx,{. ') 1 8 {4z, Lt x* )*:L‘l“n“y 85'{, (ix,4'n", & x")S?(L"a )

v 20

. - + ... R { 45) 1

It 18 clenr froms Eq.f45) that the chnn;;es in the coupliang tonstants

arise from asharmonic s5fects and that they will be laxge aear the

!

, i
surf&ce whore the 8{{x) are large. Tae coupling coeff-v. x.zzss with ) ©o
— K|

the superscripe zera, it must be mphasi«ed are still mat nsi:xssarﬁy . A
‘equal to the gorresponding cceﬁtic&ents of tha iafinits l-nttias * . ot
3

hacausa the atozs asaxr the surfx"e m‘% be poaari‘.gﬂ Qwen \.a thsy

oc.cupy thc nibzs thwy -aould Qccupv in s,he hxffmim 3%28.2&;» . a
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Changes in surface cowpling constants have boen caleulatod by
Clark et al(sz) for the case of a (001) surfacé of iron using a
meodel with Lennard-Jones interactions betwecn nearest and next-
ncarest neignbors. They found relatively large decreases (20-30%)
in certain of the coupling constants at the surface compared to the
bulk values even though the static displaccmeqﬁs at the surface are
vnly about thres percent of the bulk lattice spacing.

Turning now to the solution of the oguations ;f notion, we
oxploit the traaslational periodicity paraliel to the surface by

soceking solutions to 2q.{44) of the form

ua (a0 = W gty ot (atatiataret) . 46)

whoere u is the eirculsr frequency 2ud Ep iz 2 dimensionless two-
dimensional wove vector parillel to the surface wisth componeats

ky and ko, Sutstitution of £4.(46) into Eq.{44) yioidg a et -of

iinear diffcrence equatidns in ‘the anplitudes v&(&n,mz),

2 e S
w ‘fu“‘a-""ip) :gﬁ’ﬁ Dagligna d3ntslsdvaldgntsled o (47

whaere

Daa(%“; G ".-‘.{;)"(”,55' )*iatff»;aa("‘:‘-’ anyetléy (4= 4)Hp42p)]

(48 )

are the elgments of the reduced dynamical natrix of the semi~infinite
crystal. g

Tbe galution of tho eguations of novion specified by Eq. (44)
is novre conplicated than for am infipite crySiAl for two reasons.
Pirsk, a g:%en atoz does pot intexac§ with atons bezond the bouad-
ing élégo'o! thbicgystal B0 certais ieins are wnissing frem Eq.{44).
Second, ths coupling coefficicats that are sctuzlly yressnt my

-

wary with the diatance of the coupled atoms froxm the surface.

N
sal
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. The normal mode !requcdcies of the crystal are specifici by

setting tho determinant ¢f the coofficionts of the amplitudes in

Eq.(47) cqual to zero:

Tyt L ..2 -
Dae({ax.Lxx ,kg) ) 5L345 6nxg 535 (48)

For a semi-tniZinite crystgl. the determinant 3in Eq.(49 1is infinite
in éize. & finite determinant can be obtsined, however, by intro-
ducing a second surface purallel to the first aad specified by
{3~L3. One is now dealing with a plate having L3 atomic layers.
Ths size of the determinagt in Eq.(49 is then 3sLgx3sLy where 8

is the number of atoxs in a unit cell, Hesults that scek reassot-~
nb}? vepresentative of real crystals are obtained 11 L3 is as small’
as 20 or 30. For simpie crystale one then must work with 80x80 or
90x90 deterninants, whick can essily EP handled using modern high
speed couputers.

Ax altevnsiivey approach, paxtiﬁu%arzy uselul sith short-rasge
fﬁrees; iz to reg;rd eacit aton 86 buviag the sumo eyuaiions of motien,
Ty  nust be rugneated by boundary épnditions, shich are constraiate

" that restore tha effoct of the surfacg on the equatione of motion,
The procedure is completely ana]ogoub to that employed with the
continuus theory of surface slustic waves. The doterminaats which
occur in the analogues of the secnlarigquation and the frogquoncy
oQuation are gonerally on the order o? 3ex3s8 in size, which ave
relatively smull and are casily handlgd on & computor.

Some genaral aspocts of'soluticné to the cquations of motion,
Eq.(44), have been discussed by\?euehéynng.(ZQ) For a seni~infisits
crystal, such solutions nay bde "hulk".solutions whera the displacg~

, sent8 u {Lx) do not approach zero as 534 = eud surface™ golutions
=3

whero they approach zero a;,taé.n. For a finito 21ab, the surface
> %3 $

and bulk spiutions differ mccordity $o whethor the displacemgois
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do or do not approach zZero, respectively, at the center of the slab
as tho thirkness becomes very large. ia the following we shall
sonsidor the surface golutions for a variety of special cn.scs.
(i14). Linear Monatomic Chain
A specific illustration of some of the points mentioned
sbove is provided by the semi—inf.iaito wonatomic chaipn with nearost-
neigtbor interactions., The «equntions_ of motion for the displacement

», of atom n are .

) it 31 = a'(uzmuy) . . {s0a)
'y iiz = alug-uy)+ & *{uy-u,) ~ (s505)

" ’ * b
¥u, = alu a4u 420, a3 {(50c )

-

where e and a' are the coupling constants for bulk atems and for
surfuce atows, respectively, H is-:he atwaic nmass, the dau.iﬂ_.e dot
dadiontes a seeond time Suvivetive, and the surdaceé aton is speci~
fiee h?‘ g = O,

Por an infinite chain, avery stowm duas ap equation of soiion
ol the form of Eg.{50¢). The normal modes of vibration can ba

writton a8 travelliag waves

u, - U exa{i(pa-ut) ] {5

L34
o

where p i8 a dimensionless wave nusber and m is the froquency

speciiied by

. o - (do/siadle/2) . T (s2 )

The wave 7eCtOr § ranges Irom »nr to 47, 50 tha’ the squared fre-

quencies range from O to 4a/i; )

.

‘/)w’w A

L

1
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.
'For the seni-infinite chain, we can obtain surface splutions
under certain conditions. Let us write the displacemeats in the
fora

uy = Ulcxp(imt) {53a )

u, = U exp{-qn+iwt), n > 1 . (83 3
Substitution of Eq.{5%) into Eq.(50) yields ths rosult

#? = 2aQ-cosh @) . (54 )

An equation specifyipg the attenuation constant ¢ is cobeiained by
‘substituting Eqs.(53) and (5B) into Eqs.(5() 2ad {53, uuing
Eq.(54), and setting the determinant of the coeflicisnis of 31,

U equal to zersc. The result can ke wriiten &s

2% ~ -:-(32+c)& 8% )

where ¢ = (a'=-g)/a. ¥For a surfece mude, iLho rodl part of q must
be positive. Sush s solution to BEg.(55) exists for ¢ > 1/3 and
hag the form ¢q « qa+}ﬂ where q, is rexl angd nositive., The Ire-

‘quency is now specified by
w = [{(3a/1) (1+cosh qa)]i (56)

and {8 larger than the maxinmum dulk mgde frequency (4a/§)§. Thus,
for ¢ > 1/3, a surface mods frequency rises abovd tho allowod band
of froquencles of the infi-‘te ¢hain. It should be noted that no
5u;£aca mod; exists whea the surfate coupling constant «* ig po-
changed from the bulk value .

«

¢ next-searsst neighbor interacg}ons are laeiuded, $he seni—

*

infinite mopatonic linear chaia still doos not posscss a gurfags mede

'if tho surface coupling constants are ﬁnchanged Iven thaxhﬁix o

E

values, 1)
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Ono or two surface modss can be produced, however, by suitable

changes in the surface coupling consi:v.nts.(al)

Surface modes can 2lso be produced by changlag the mass of
the atom at the free end of the chain, This situstion correspends
to an absorbed atom. For pearest-ncighbor interactions on}y, one

ﬁnds(s‘a that o surface rode exists provided

EraF)/E -]

/1

wiere 3’ e the mass of the ond atox,
12 the suriace coupliing constant &f hzs the buik vajue z, 2
gurface sode exists if ¥’ < ¥ 2. This resulit has al=o boen obtaiped

by Métsma( 3% and by Asahl and Hox-i(aa) uging the trassfer-matrix,

. 3

The clasely relrted scattoringe-matrix method hn.s; been used by

. (37 s
Fori and :\aahi(??' to treat the case of two isociepic imparity

atsns at ths freo end of & monatomie chain with nearpsst-neighbor
inzoractiona. If tha two imzmrity"a&mas bave the zame mass ¥',
=0 surisce modss oxist 12 _1«1' < .‘.‘.(2%[‘2}';’#. This probler has siso
beon 3iTaated by Masrl and hmand‘gs) %10 discussed one-dimenzicaal
nodols for argon zoundensed on krypfas. and fo?'czz:bon nonoxide
aasorbsd N’: piatf,n. . . The zesulfs for the iutter case agree well

witw shese éb;agai using & tirre-dimsnsionsl model.

’sz:s.e .ger_:u:'baticns in sasscs o coupling corstiats are reguired
to ;zi"éiip:a B ;iz;‘iarf& mode ip. the sumi~infiaite mondteale liners ‘
cna\ig is ugde@@&blg &n the basis of Rayleigh's theoren, (27

¥ithout suck ﬁéé_txsgimtiané , the creation of tae surface COFTosRaRds -

to setting one oF move coppilsy constants Yo Ro¥o, N4 ihig 4

. ‘aay):gi_gh'gfz“ggrﬁ"nr;;st dapreitsg the ngi’g;{}_koﬁ%; ?:egueaciys. ?g;'

a zne-dimensicakk systen, 8 localized sode guch.3s & surface nods
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cannot have its frequency in an allowed band of frequencies of the
1nfiqite'1nttica. ‘Since the allowed band extends down to zero tre-
quency and since the surface mode canaot have a negative frequency,
there is no gap into which a depressed frequency can wove and

thereby produce a surface mode. -

{i¥. Diatomic Linear Chain
The seri~infinite diatomic lincar chain offers an inter-

¢sting coatrast to the semi-infinite monatomic linear chain ia that

(39) '

a surface mode is possible without changing the surface force

consgtants, provided the atom a2t tho free end is the 1lighter of the
two atoms in the chain. Xf cno assumes nearest-neighbor interactiions,

the eqnations of motion have the fora

.

: m dy = afuy-uy) o ( 582)
- My " Olugyiggay gy 4 3.2 1 ( 58b) . ‘
0 523_1 - “‘“25"’“25-2”2“2,1»17 cdx2 ) { 58¢)

where tho end ztion is taken to have the smaller of the two masses

-~

» < 4. A gurface solution to Eqs.(58) exists(ag) and can be !
writton as .
Boiy ™ U(-1)3~1(n/2)3“1 oxp{int) ( 592}
23-1 M .
uyy v @m? explint) . ¢ s9B) -

where: the Irequency w is specified by >

a{msyl ) -
The atoaic displacements for the surfsce modo in 2 chein of 10 stom:s
are-shown in Fig. 6.‘« T ’ ’ )

.

‘The norial mode fregueacies of the Pﬁl‘iﬁ o diatchie: ci_mi’n. ’
“lio 40 either the acoustical branch, O £ o 526/, or tho:opticel o !
}b%hhggf ’/a svéz.griaﬁﬁéﬁifiggz§36tsa:§§1 %ody: f¥oquencies 1ia in.

Lot
\
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the gap betwooen the bottom of the optical branch and tho top 02 the

acoustical branch. The semi~infinite lattice with a light atom at

the free end; how-ver, has its surface mode frequency within the

“forbidden" gap. In terms of squared frequencies, this surface

mcde lies exactly at the center of the gap as shown in Fig. 7.

The creation of Iree ends invulves redu¢ing a coupling constant

to 2ero, In accordance with Rayleigh's theorem, tils leads t¢ a

roeduction in the normal mode frequencies. The surface mode in

: particular arises Zrom an optical mode -ruose frequerncy drops frou

the bottom of ‘tho optical branch into the “forbidden* gap. .

Surface modes -in the semi~infinite diatomic chain with nearest

&nd next-nearesi neighbor interactions have been studied by Gazis

and Wallis.(4e) Yhen & light stoa is at the f:ee end, the surface

« =mode.miy be iphibites by making the . next-nearest neighinr coupliag

constant sufficiently large, When a hezvy atom is at the free cond,

v e

however, a surface node may- he induced by propor choice of the

.

noxt-nearest neighbor coupling constant.

The cffect éf changing the mass of the froe-end ntom in & senmi-

4y

infinite distomic chain with nearest—ncigﬁbor interactions has been

studied by Horl and Asahi (3% using the scattering matrix method.

© Defining Q » (n'~uz)/m they find that a surlace mode appears with

frequency above the top ¢f the optical braunch if Q< -} for either

=3 or mai., TFor m < M, the surface mode with fraguéncy ic the for-

bidden gap merges into the optical branch and disappears for Q< ~4,

while for mn > B, At comes into oxistences galy 10} Q< ~§.

{v;. Two snd Threc-dfmensional Mosatonic Lattices

R, Eosané:ccﬂ-ﬁeueli medeil - LT

& rolatively simple lattico-dymamical modol which

adnits of exact analysis is thai of fosenstéck soX Howélil#h) wne
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cénaidcr'only ncarcgt-noighbor intoractions but with cosiral sad

nrn-contral components. TFor the two-dimensional simple squara

lattice with free boundaries, the squations of motion have the form
” .
9 - - -~ X -
Bug, = 7y, vy, 0 °x,13* Gligq gy (8 1)

+ 00y, Ky (78 )

+ T(“;,k+1‘“jk)(1“6x,n) (61 ).

for tbe'x~componen: of displacement'u gith a similar set of agquations
for the y-compenent v in which u is reélaced by v, the central force
constant ¢ is replaced by the non-central force conﬁlagt 17, and 7

is éeplacod by ¢. As in Eq. (50) the lattice sites we identified
by integexrs j, ¥k cach ranging from 1 to ¥ snd the Iree boundaxies

sre doflined gy'j~l,ﬂ and k=1,H. R

The exact solutions'to the equations cf =otion have the form

-1 cos(j-})glcos(k~§}v2'exp(iwt) .

- O : ) {822)

“jk - 0

Vig " v cos(j«ﬁ?qbcos(k-i}vl exp{({yt)

i&o:e ¢1-n1n/N, ¢2~n2n/N, and 3,0, 8TC intqgers in the range from

0 to N-l, inclusivo. The normal modeo freguencies are sSpecifiad by
. . *

W = (4071 [sial (o, /2)4(7/0)sin (9, /20 \ €83 3

-

The normal medes of vibratioz are clearly all wave~llke in charscior

-

asd have frequeacies which Iie in the ?§ngg 0 to 2{(;+1)/§}&. Ao
suriace modes, iu particular, 1o Rayiqggh waves, exist for the {two-

dimensienal Rosenstock-Newel) moda. A& completely similar sifuation

*.exists for the three-dindngicanl Rosenstosk~Newell model.

¥

PRCNTE
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The question arises as to why the Rosenstock*~Newell model

possgesses co Rayleigh waves., The answer seems to be associated
(33)

with the fact that thisz modeX is not rotationally iavarjant.

Tho laek of rotational invarianco shows up when onc applies Eq.{43)

to the coupling constants invelving a surface aton. Physically,

ono can sce rather casily that a rigid rotatioa of the crystal

about a surface atom will produce a pet force acting on that atom

as a result oi the noan-central Jorces. This is a cliear violation :

. .

of rétational invariance. Altornatively, ons may view the lack of

Rayloigh waves as due to tite decoupling of the x, y, and z equations

of notion. .
(42}

x

Ludgigaand Lengolexr have shown khow to modify the Rosenbfock-

Newell model to make it rotationnlly invariaat. They iﬂtro&ugc

additional aoa~central interactions. .involving the surface atoms

which ristove the rotationsl iavariance, Thus, for the two-dimen-—

sicnal case with a free boundary defiuned by k=0, the coupiing co~

afficients involving the atem (00) are taken to have the form

§(b°0 *10}- “(gé 12) ? §(°oooj~)" - (07 g) {64

R A 30

I P

whers the new coupling constant & must have the value 7/2 in cvder

AR
o - “,.

A

for Eq.( 43 ) to he satisfied. It should be noted that the addi-

tion to the coupling constant matrix involving & is aetisymmetric

. el
JEANAY N

in contrast to she symmatric form of the bulk coupling constant

ST

matriz. W2 also observe that violating the condition of rotational

invariance covrespouds to the use of incorrect boundary ‘conditions.
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Although the Lengeler-Ludwig model makes possible the existence of
Rayleigh wavés, the simplicity of the‘Besenatogk~Newe11 nmodel
assoclated with the decoupling sf‘the x~, y~, and z-coaponents of

displacement in the equations of moiion is lost.

Surface nmodes nsy rise ;n the Rosenstiock-Newell made! without
the LengolervLud?ig modificatiop if isotoplic impurities with suffi-
cientiy -light mass are present on the surface. The two-dimensioanal
monatom. s vase has been dnvestigated by...=sahi and Heri who have ;
Jconsidered the effect of replscement ¢f oither sne or 2li of the
host atoms in the surface row by—sh im?urity atom cr atoms. These
authors present the conditloss for the appeartnce of 2 surface sode
above tég bulk pontinuﬁmAin terns of the mass defect parameter o

Q-(n'-n)/n agsd che forece coanstant yatio 7/u. This work has boen : 4

-

~a

extended by Fukushizma. {43V

N .

’ b. Hodels with Rotnt;onallg.lavariant interactions
The siaplest way to 1n§ura rotational invariance is '
teo choose individual interatomic iuteéactians which aro rotationally
invariant. This can be accomplishod éy agsociating the forces act- ]
ing on the displaced atoms with chaﬁggs in the digtznce betweea
atems or the angle between atamic bonés or other gquantities vwhich
rexain invarinﬁf-un@ar & rigid body rézatioa. & simpie applination

of thia idon wag wmade by Gezis, Hermaa, and ¥allis€ 3) who trested )

At

the monatemic simple cudic lattice wi?h nearest and nezt~nearés: ‘

aeighhor ceniral forces plus angle~begding iuteractions iavolving -

pai;s of nearest neighbors, For this case, the oguatiocns of mation

,, W ; s
B i

ozAg bulk aton can be written ag

W

.
.
.
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and the other equations arise by cycl-
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?if £hall-oolve Ena. (68 and (66) in a manner analogeud to that

empl‘o:}ed with tho cubic coniicuum. 5% ¥e assume & golutian of the

L 4

fora

.

(€255 g = (U,9,1) exp [anstlo; bogneut) ]

£87)

and subatitute thif;’ex;:ression into ¥45.{ 68), »> get 2 8ot of
1incar equations in U,V,¥ whoze deternihsat of coeificients most
vaniuhs N

: . ldij(fal.vz,WZ,QH -0 {65 )
For » given set of folce coustanis and wave nusbher conponeals @, and
o)) }.‘q( 68} constitutes = relationship Botween tho rroguency u aad
the attenuation coastant 4. Siuce it 15 2 cubic cquation 13 cowh 4,
.nnn« ,éss: splve &9}' three valuas o‘z";g fj;f,; given w and use iheds (:a? ~
fora ’a/ s‘é;ufzigﬁ jwixgmh satisfizg the 'm:ﬁdary qenditiéns. A nm{i’aﬁé o

vmva:'mspigsﬁpgly if the real port of exch qj\z*o*qqiréé in “hs solu~

le .

tion 44 greatet thos ZEFo. . ' S

¥z sow meek to satisfy the boundsry eguditiaﬁa ﬁﬁ*g@@ ;ég‘x -
golutica of the fors _ T
. . - a. ( . _ - - |
;:;Ii;’:éms .‘té}a"'jex;g&gimx{@f-@g]y@& .( 8 2 ’ ) :

NG R ¥

whiote £, MGy 358 tho drgropriate cofsoiori o} 1] ‘Subsbitsgiem

otSq»{GS*) ip;a/;ags‘.té}';} :wadsm 4 get of linexr equatinnd N

~ .
o~ v AN
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. < ey
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The force constants @, 8,y cap bo determined by making a besut

ot

f
¢

¥
3
s,

it of calculated bulk phonon dispersicn curvss ¢H experimental

data fron inelastic neutron scatroring or by fitting %he elastic

[

>
\
'
1
PF RPN F TR

constants. The latter precedure can b# accomplished by expanding

tho displacomuont compononts in powor serics about thove for tho

i

»
b
s

PR

d

site 4,u,n. TFor sxample,

au Ju
- {,m.n 43,8
“48,mtc,n uL,u,n*aé Y3 + 2e dy .

.

2 2 2 ) .

; 3% ¢“u 3% sk

; e 1ol } .2 m,n 4,m.0 2 4,13,10 - e
r 82° 46 —-;i%—*— + 26c-~axay + & byé . } . . o

F e . (711 ) .

*

Substitution ot thess expansions into Eqs.(65) and {(E5) apd re-

¢
ATy

M T

. tention 0f terms only through az'yields partixl differential oaqua= .

3

v

tions which are completely analogous to the continuun equations of .

notion and coptinuun houndary coaditions; respectively. Copparison

of the cosfficients of correspounding terms then provides the follow~

.
‘
RS T DRRRLY. TR

}

p
oy

34g 1dontification of the elastic constants

Fami

ayy> (aHB)/a : ,

elkme:

012* 258/8 £72 ) !

L : 44" (28147372 .

(83 has been carddoed ovt with the ébove =o0dold

. . &cmlculation

* - Jursurfce wives propagaving in the {300] direstion on a (G01)

i#&binﬁ@ qf£§¢£~§cgasi§exod nogatonic). The rasults, given in

Pz ?5{ .ax$3$£§ &he;diapexsiﬂn of the Rayiéigh,saves expectod in

L

5 1{?;53&% thesry. ZXaother inserssting foature is the divergenco of

<7,

- - . T Z .
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‘ one ;f tho, attenuation constanis at & criiical wave number $.= 31.75.,
3 @5 this attenuation constant svitches Lrom 2 resl value to a
compiex value of tho forn q0+1ﬂ,

Anathor case which has bgen traeited with sagle-bdending intor~
actionz is the monatoxmic b04y-¢entered cuble Iattice,{44 ) Phase
yelocities and attenuation constants were caleunlated for surface
waves propagating in the {1007 direction of ihe {001) surface of
vanadium, which $xuibits ordinary Rayleigh waves, aund iron, which
'exﬁibi:s generalized Eaylsigh waves., Dispersios of the phase vel-

-

acitiss was estab1ished, but- no divergence of an attenuatisn constant

“

‘?as £cund in ei%her ‘onse

95 ) Lo rudied

. Hsing the praeedure dcscrtbed aboxe, Keopldn
thé semi*ihfiniie manatamic square istfxue with nearest~and next~
nearest neighbcr Tantral forces for zhe‘sitnaaion wkere a horogenewus -

. isctapin‘iapurity layer is prﬂseat on the surface edge. He found
that t¥ie impurttv layer has little affect on Iongrwaveiength Rayleigh
zodes. This is o ba expected becaugé long-wavelength Rayleigh podes
penetrato deeply intO'tﬁé crystal, Ai the Brillouia zone bounds®y,
howover, the Raylcigh zoéws &ro losalized withip an atomic layer ot
so di‘the su"fac S, and tkey should hs significantly affected by the
imgurzty Sayar. This 38 just whau Kaplan found. "For a sufficiently’ -
-hepvy impurdzy-aton.rags B thera aré two low-froguency surfsce

acdég, one of which di= the Rayleigh ﬁ?de. As tha impurity Bass

decreasss, 1o suécession ke extra.1§g~£requency surdage wode dis~

m~appeaxs, high*frequ&ncr surxace aada sppears above the allowsd
. bana ot xroqueacins, the«ﬁayleigh ma§£ dlsappaars, and :iaaliy . N

o " . e

saccnd,higﬁ.&reqpsncy ‘mede sggearx. 41"~ o
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Surface modes of vibrativn in monatomic facoe-centered cubic
lattices have been investigated recentiy by Allen,” Alldredge, aand
Dcﬂotte( 48} who ossunmsd central ipteractions of the Lebnard»Jones
§-12 type botween all pairs of atoms in pilates up to 21 atomic layers
thicx. The parameters characterizing the pair-wise interactions
vorae teken to be the same &t the surface as in the interior of the
crystal, The model may ks considerod appropriate for a slab of a
rare-gas solid, .

Allen et a1(46) first cousidered surface medes on a {111)
surface with propagation in the IX({110]) and [¥([112]) dircctions

a8 ¥ell as in the MK direction aloag the edge of the Brillouia zonec.

By solving Eq.( 49) on a computer, they found the expected dispersion
o2 the Rayleigh nodes. They alsoc found additiocuxl suriasce nodes of
non-Rayloigh typo whose Irequencies }ie in gaps in ;he épect%um of
the bulk medes as shown in Fig. 9. The atozig displacemonts of

the aon-R&yleigh surfacé modes are primarily parallel to the .

surface, wheress those of Rayloigh.nod;s are primgrily peypon-
diculzar to Eho gurisce. In a second pﬁbliéati&u, Ailen'eé 51(47)
:ebort tho existance of surfsce mbdes on a (fOO) surface which
hava tho ssme frequencies as bulk ncdog with the samo wvalue of

the two-dimensional wave vecior parzllel to the surfsce. -Wo have

>

alresdy epcountorad surface oodes of this type in ths continuep

‘theo;y of materisls exhibiting goneraiized Reyleigh waves.

-
DITRRT S

In 2 rocent publication, Ailen, Alldredge, and Deﬁqtto(ﬁs )

i
‘1

have -extended these calculaticus to the hoxagonsl closo-packed

'
-
L oAe
AR TN AP T ST

crystals, Ners agein, they find surface siodes in gaps in the

tullk Zrequency zoectrusm, -

*
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(49} & goneral forau~

?hoa; seme authors have recently ziven
lation of thp surfaco vibrstional mode problem, They discuss tho
ciréumstnncos under which the displacenent ellipse of the particles
lies in the sagittal plane (surfaces with “axial-~inveorsion syanotry")
and when sur?ace modes can have frequencies 1lying within bulk mode
subbands, .

Dotailed cerlculations have beon raported by Allen ot §1(50)
for monatomic face-contersd cubie crystals with (111), {100), and
{310y surfacos. They find a numbar of surface mode brenches for
each surface~five for the (111) surface, at least ninetcan fovr the
(100) surfzce, and ton for tho (110) surface. These results axe
probably dopendent to some extont on the modol employed - inter-
actions betwoeen sl pairs of atoms shroggb 2 Lennard-Jones ébtpntial.
Sono sf the surface modes found by Azlqp ot alcsa) ares primarily
localizéd in"t&e second layer from the éurtace or gvenr 2 dscpes
layor, rather than io the surface lnyeg'itaelf. These various
surace nodes can be rogsrded as "peal;gg off" in sué&ession trcg
the bulk branches. The effacts of ﬁurihce ferco~constant changes,
were also considered. ) )

Some - calculations emphasizing the long wavelength vegion

have been carrisd out by Alldredge, Allen, and Dewotte(sl) for

to, the usual Bayleigh waves snd pseu&aéyrfnco waves,; they £3nd
sa gdditional surface wave propagnting’in éne £1106] dirsction
which is-polaxriz:l shoar horizontal. %}1dredgo(523 has shown,
however, that ths attecuation ccnstant%; ~ %2 and Sence vanisbes

P
in the long-wavslength limit, so this égdo 15 not s Rayleigh~type

;o

surfaco wava.

LS <

tho (109) surface of a face-centersé,cggic crystal., In addition .

ARt L G T i LR e R

- . xae

a

.

m‘.z.,n'f,:u o SR e BNG. . au




46.

.

.

An investigation of sizo and surface effects on the lzttice
dynamical proporiics of small particles vas boen reported by

Dickey and Paskin( $3) )

who used the Lénnard—aones potential
and various crystal shapes. The Zregquency distribut;ons for
bulk, surface, asd odge modes were calculated znd waro found to
exnibit ponks ccpurring at successively lower Irequoncies in the

order given,

The case of an isotapic.iupurity layer on the (111) surface
of a face-centered cublic crystal has also been investigated by
Allen et al.(4ﬁ47) Asg in the work of Kaplan(45 ) they found for 2
light impurity izyer tha£ high frequency suriace mode§ nay appear.
above the bulk continuum and that the Bayleigh mode may disappear
&t sufticiently large values of the wave vector. This work has
boen extended by Alldredgs, Allen, and per.ttel®® to the (100)°
and €110} surfaces. For very light or very heavy adsorbed
particles, there mra thres principal surface-mode branches
associated with the adsorbed layer, but for non-extreme mass
ratios, the separation of the principal surface-mode brancﬁcé
is not complete. They find tuat hoavy adsorbed layexrs enhanco
the localization ofZ Reyleigh waves and that 2ight layers have
the opposite effect. ’ .

Phonon frequency distributions fgr‘zayered gtructures

“have been studied by Allen, Alldredge, and Daﬁéttetss) who
find that interface effects ars sanll compared to surfacs offects,
Some yemerke kre made concerning supercanducting transition

tenparatures in thin filus, .
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A trestmont of an adsorbed layer on the (001) surface of g
siéyle cuéic crystel has been given by Dobrzynski and ¥111s¢56)
using tha Rosenstock-Ncwoll model. When the naas_ratio of ab-
sorbed and bﬁlk atoms is 1ess than unity, they find localized
nodes above the bulk continuum whereas if the ratio is greater
than anity, tﬁey £ind 1ocalizaé modes bolow the bulk coentinuum,
Tho istter are not Rayleigh waves, howevar, since the Rosonstock~

Hewell model does not exhibit Rayleigh waves, :

#odels viich involve central forces cnly must satisfy Cauchy's
x‘er::mtii:m'_e Cog™ Cag {cebic crystal, for example). Many netals do sot
Fatisly Quvehy's relizvion, so non-central forces are required for a
wiear dest, ptlon of thelr lattice~d¥uanical properties. Receotly,
Kugﬁgx sagd Rieder( ¥ have studied sgrxace waves propagating in the

{0047 direviion on ths {200) surface of a monatomic face-centered
:

cubic oryuval using nearest~and next-ggarest ueighb;r central forces
plus pnon-ceatral forges between nenreét neighbors, Rotational 1;-
variance was$ preserved using the procégure of Ludwig and Lengaler.( 42)
Ausser and Rizder found (hat the treq@gnqles of long~waveleagth
Rayloigh waves %wire significantly affégtad if rokatiopal invariance
p

was ignored. . .

The offoct of changing the value ?f the coupling constant for
ths cantral interaction betwcen 3 aurg}ce akog ang its nearess
peighbors in the second layer has beungstudied by Kugzer and 2$eder557)

PP S S
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using a Green's fuanction technique. If the muriazce co&piiag‘constant
is smaller than tho corresponding bulk value, 3 secopnd low-Iregueny
aurface mode may appear for wave vectors near the Brillouin zone
boundary. The Hayleigh mode freguency is-also depressed. If tho

surface cuupling constant is larger than the bulk value, a high-

! ; frequency surface mode may appear above the bulk contiauum. These

(1) .

resul'. are ontirely coasistent with Rayleigh's theorem.

f’ ' Musser and Rieder also find surface modes with frequencies within .2
gap in the bulk coatiauum,

. . §averal workors have studied localized modas associated

with icolated atoms or molecules adsorbed on crystal surfaces

(58)

using throe-dimensional models. Grihley considered an

adatom on 8 (100) surface of ¢ Rosenstock-Newelil modal of a

. simplo-cublc lattice and obtained an expressici for the Iocélized

nodo frequenciss using tho Green's function &échniéua of Montroll
and Potﬁéssg) An adsorbed diatomic molecule and the inter- .
action betweeon & pair of adatoms were alse treated. Spscific
applicasion was mnde to hydrogen n;d to carbon nonoxid; a&sé&bed‘

oﬂ platinum, The intersction betwesn two adatoms has also boen

discussed recently by Cunniagham, Dobrzynski, and Earadudinfsg)

& probiem relsted to those just described ~ namely, that of
an isotopic impurity atom lecatod in or near a (100) surfaco of

a simple~cubic lattice -has bgen investigated by Ashking 61 )

£
i

DR

it

sﬁ%@g

e el o S e 5 S TS
: RN sraw - R

- - o wg - L
'14 .ﬁ‘_r ) T

R R e

o “EY RO

»

’ . '
T b s

. /
- i
ST

<
i

RERUN SO



Liir,
P e
vﬁzﬁ%‘m‘ﬁ‘ﬂ%-&u L O

48,

A 1

The model employed congists of néarest ard next-nearest neighbor

contral forces with the force constants chosen to give slsgstic !
isotrony in tho 10ng~waveiangth limit. Vtilizing. tho Montroll- i
Poits Greea's function technique and by assuming that tho local

mode frequency is large compured to the maxirunm fraquensy Yy

of the perfoct lattice, Ashkin obtained thy following expression

for the square of tho lpcnlizéd rmode frequency

al(Q’,L) 32(a;¢) kas(at'{')
NP 39 Nl 2
v Lai(#,&)}

{w(a.&)]2 = 2)

+ 0() {73 )

where ¢ denotes tha polarization of the locziized mods, & gpacities

the site of tho ihpurity atom, ) < N'/4 isAthe ratio of the impurity
axd host atom masaes; end

;glgg,t)" LN £ 20 . (742 ),

ool L) = &Z':ﬂ Bi Daﬁ(u')nﬁ‘gw:.) . ] (1413 )

E>1

Galaed) = B T D (4D (LD (') .
3 L0 Bovse OBR OBY Y rde ) .

In Eqe. ( 74 ), D g{£19 is an elcment gf the dynumical matrix-for - N
tho crysiel with a siirface but vitbcutv%ho impurity givon by ~ :

D (42" = /Mg (44%) where 3 _(44') is sn element of the force
aﬁ &y "o ¥

evastant matrix., Specific rosults are éivox by Ashkin for the

. ) 1y )

=model montioned sbova. Qualitaiively, ;ha localizod mode, which

4 - L
is triply degenorats if the ispurity is in the buik, is zplit by

tho surfece into a singly qezghofite'mggp polarized perpendicular

" » .5 .

N
PN

'
'
‘
.
B ' . '
;?.3, BT "SR TR
s
.
»
»
-

.
:
~
g
,
.
.
.
N
v
;

B

‘
i
ok
-
t
PR IR RN

4
t

L

\4Uw;

w? FTO gt
A

A el Ao AR ST g
O Rt L B
O

p
ey




o el S e e e o KRN NG T IRETRIRNG,

to tho surfaco and s doubly dogonoraieo mode polarizod pnrallol to
the surface. As wight be oxpected, thé localized mode Ireguency

is decreased when the impdrlty is in the surface layer., Thus,

for A = 0.2, the porpendicular mode has a frajuency 28 por cent
loway and the parsilel mcdes & per cent lowor>th£n the lccalised:
mode froquency when the {apusrity atos is in 359 vulk, For this
caso the bulk localized wode frequency ig essentiz}ig achievcd;
when the impurity atom is moved just one layer iu&arditram thae

suriacs,

- - PR v . N

.The work of Ashikin has beén extended:te body«eentereé{cubiag ;
lattices by Dobrzyaski(ez) who used the model of Clark, éazig uhd'g
Wa111s (63 to consider both single adstomn and an adlayer on a
{100) surface, .

A- theoretical investigation of vibxational edge modes has

recently bson carried out by Msradudin, Wallis, ills, éhd ﬁillard(aq)

who treated an sdge of a cubic elastic medium bounded by two (100)
faces. For the case of elastic isotltopy with the Lamé constants
. h» 1 equal, thoy found a localized edge moade with speod 0.5013 Ce

.

‘cozmparoed to the Rayleigh wave spoed of 0.9154 ct.

(vi). Two~ 2nd three~dimensicnel Distomic Lattices 3=k Short-
racsge Jatexactigas.

Ordinarily, diatomic crystals have lonic character,
and the long-range Coulomb interacfion bctweéh‘tha,iogs nust ba
taken into ncccunt‘in 2 lattice~dynanrical mode. Soga\qpqlitative
featurse, howsver, may be studied using & aqdel with only short-

. . -
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rangoe interactions, A general formulation of the problem based on
2 Green's function method was given a number of years sgo by

(65) who noted tha existmnéa ‘0f both acousw

Lifshitz znd Rosenzwoig
tical and optical surface modes. ?21116(66) later studiod the
Rosenstock~Newdll model for finite two~ and threo~dimensional
diatomic lattices of the rock=-salt type using both a perturbative
procedure and & Green's function progedure. It was found that &
band of surface mode freguencies occurxrs in Lhe gap bstween the
‘aconstical and optical branches, Thuse modes aqe.closoly ro=
lated to the surZace mode of the linear diatomic chain with
nearest noigbbér interactions. Furthergore, for ths iinite'
lattices considerad, edgs end ¢ornar mogoe wore found in which
the atomic.diépla?emonts are localized éear edges and cornersz,
respnctivéiﬁji Typically, the frequenciés 01 edge modes ile celoxw
those of the surface ncdqs mentionad agéve and the freguencias of
roaﬁonable in viev of the/ﬁgorazsing né%ber ot interactions with
ya;ghbors possessed by an atom as it ;égnFes fxrom a surface atom

to an odgo atom to & corner atom. p )

A surfaco sode calculation usihg\é rotatiohzlly favsriant
nodel for g rock-salt type crystal wasicerriod cut by €sliis,
Mills; and Maraduga®?? who found ® gurface  branch In the gap
bytwees the acoustical and opt‘xga‘;u brigs’dno;, ;
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corner wodes lier below those of the e%}e modos., This ig physicaily
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(vii)., Three-dimensional Diatomic Lattices with Long-range )

Iatevactions.

Since diatomic crystals typically ﬁava ionic character,

2 realistic lattice~dyaamical model must include the Coulomd inter~

sctiong hetwesn the lons as well ag in;eractioné sssociated with the

polarizrbility of the ions. The long-range character of the Coulomd

interactions mnkes the calculation of the surface mode frequencies

somewhat difficult becauso the effects of the surface are not locoi~

ized within a few atomic layars of the surface. Furthe?mofe, the

posqibility'of retardation effects associated with the elettromagnetic

2ield .introduces an aspect to the problem not encountered when only.

ghort-range interactions are uvonsidered.

¥eo can formulate the surfzce modé problea with gouloubxinter-

actions by simply noting that the coupling constaat matrix R

ia5(4u,&'x') now can be written as the sum of = CQulpmb:part_aﬁd &

ghort-range part:

-

635(45,4'3')“ *ag (n, 478%)% §;; (ax,4tx'). (75 )

The Coulomd psrt has the form

' _ 2 : Tyt -
i“a(“ﬁn‘f-“ B')=
: . drglandrg(e'aty | {xlen-r(e'n) |} . .
K {u(ixy} =0 : :
.o 76 3

%

¥

whore 909, 2T the elisctrical charges on ions of type x,4°,

'
ety

reRgsectively. The short-range part can be trested in terms o central

forces and angle~bending forces 28 was done earlier. The calcuiation

v -
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qf tho s.rfaco mode froquencies then requires ‘Lo solution of tho

secdlar equation, Eq.( 49), using the coupliag constants specifiod

by Eq.(75 Y. A major task involved ig ths evaluation of the lattice

sums.in the Coulcmb contribution io ibu reduced dynamical matrix . ?

indicated in Eq.( 48). . ‘ - ;

Upon solvipg the secular equation, one obtains acoustical sur-
face wodes whicp reduce to tha Rayleigh waves in the long-wavelength
limit, O©f more interest in the present context, however, are opti-
cal surface modas which show significant effects due to the Coulomb
interactions.

Fuchs snd Klievar(eg) carried out a cilculation for a slab oif ’
# NaCy~-tvpe crystal with & (Obl) surface for both rigild ions and
polariz#ﬁla ions. The short-range interactions were taken to be
nearest-nelghbor centrsl forces. Fuchs‘and Kliewer neglected‘the
changos in tya short~range coupiing cagst§nts and the rélaxation
of the ions neal khe suriages. In the linmit of long wavelengths ' '
‘Ep small compared to the reciprocal of the lattice coastant a),
the lattice sums cap be replaced by in&egrals und the ecquations 4%
motion becomd a set of iniegral cquatiéns which were soived by
Fuchs and Xllewex. However, a simpleerrdcedure. as peinted out
by Kilewor and Fuchs(ss), iz to treat ghé p: »blem sazroscepically
in terms of Naxwell's équations and the appropriate boundary coa~
ditiong, The sifects of retardatiun cén be included in a straighte
forward fashlicn, '

Consider & slabk of thickness L = °d with surfaces normal to
tho z~o.recmion at =z » 2d. The mater 191 iz assurmed to be oyti&ally
isotropic with a diclectric constant E(m) taken to ba thalt of the - .
bulk mediur. Ths eleciric avd nagnetxc~vus‘ars are chogan to have
tho fo¥m of plaaavwaves yrcpagatxng alo the svrisce with w ‘ . d

?ﬂvtﬁr ¥ and Zrequency w: ?"": - f
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E = 2(2) oxp {iCkx~wt)

"

Upon elintantiag-B,,

2

B~ B(z) exp [i(k

re

Maxwell's equations dscouple, the equations of

Ex(z), Ez(z), and By{z

£

interest invoivin
one obtains the pair of equations

Par this situation,
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*To complete the caleulation, €{w) must ko speaified. For

+

cubic crystals of tus vooksilt or zinchlende strusiure, we have

’ ) - 2 2 2 - -
€lw) = € {u~w")/(wiru®) - (84)

whore wgm &nd wy ars the limiting long-waveiengtk iréquencies of
"x‘.ransverse and Zongiiudinal optical phonons, respectivaly, and £
is the dielectric ceonstunt at freixuenciés large compar&d to wy, ut
small compared to iatarband electronic transition freguoncies,

The d&speréian relations ontained by solving Bqs. (83 ) eand (84 )
for several thickunessos of LiF are shown in Flg., 3¢. For a given
thickneas, ihers .ere two auriace modes eorrésx:»oadix_zg to the two
s\ﬁ‘:’a'éné; ‘a5 L + =, the two modne coslesca becauss the coupling

- batveen the zmt and- back surfaces disaypaars, ?‘ma aodes start

gtz (2 «a 113&; 3.£n<> PR ek at »::T, risge %pidly‘ and thoa Ziatten out

-afid approack 2 um.ﬂng imque:zsy ‘given- by -

. a i {aiawTﬂe m;ewzﬁ . {es )

'&‘he"i E ig tn&ntatic aielectri« corestent. Yor a very thick slab,

L \wei:a,,,‘ e ke dispaxaim; rezatien for the }'az.. s.*-};l;.a!er sodes ean

i wEitfer ag - -f‘ C ;

CEeR c%,m S eG/ietaren] 88 )

‘ot ;a&g 3% anlvsd tage:.hsr :.nth B3 {84} to give wgo{‘«f} - - .

T e .

" (s *{za s el (D yctiPig w;;r”‘i‘«r R .;;-‘? 3y . ton.

Li*e s:‘isatric vez,;tax— of zhc \mzrz.;c ﬁv:.ca‘ d i in ?«e opti-

cauy ,.,o*m?i;a caga fcmidervﬁ ac‘*e %g&utss enz;m:.c&a notion in

- tm aégit zi, af.e. ;3‘_11&:511.;;55 ?npm;..has 2 cmla a%- & ™ &3 as

. » - ‘% Me, «.he snzfm’we bcﬁ:m iin .ear}.y mﬂvizhé. R the dirwv»

_ Stpso the particia éisp;aamgats X a¥e p:c« -

hoa a,t mﬁgagim*
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Kliewer modes are transverse is th2 semsa that ¢-u « @ and that

at k = w.r/c, the modes are wo longer localized at ‘tlie surfaces.
The surface modes just descoibed are nonf;aéintivgmﬁasf

The £izids drop off exponentiully outside th.é slab and do not

$tnteract dirently with external radiastion. Other 5§1i'fece modes

axist, so-called xad{ative wées‘sg:’. *ith incomlsg or outgeing R S -
waves outsiZe the erystal. These wodes are not trve normal modes )
and are-highly Gakped oven when €{w) is veal, Thae frequencies o S -

the radiative modes lie above the iight line w ™~ ok, i3 con’c;'ésfi

to the nom~radiative modes which lie balédw 2ais 14ne,

n independent treatment of ine opiical mode§ of vibraticn of

ionic crystals finite in ane or more diﬁaﬁsic;i;x;; His been given by

. ,!ﬁzssjlnf.sn 2nd 'minaomin n serles of papers. Thay geasralize

the results of Tuchs and Kliewar to\c&yzgx;i}__s. -‘qf divérde srxépeii s

using the s2x2 assucptions as Fuske and &;iﬁzﬁr, In thesoase of

%

‘2 slub, their results agree with these ozmmss aad Mie%s:} E 2R

the oase of & sphoxe, the surface wbdes £33l inda iwe types, To¥ - -

so~cslled "electric modes,” havs no xadial conganent fii‘;f‘ﬁ?i&‘—ézjz—l

netiz voctor and have frequeicies spoaifisd e - oo
R { o e T i A -

- whore 3, and B, axo sphericsl Beussi and kst ?u.g;:j::i;._amg )

-

. % ] I g T -
ky = 6}‘@/‘:, b = ééxsfg'_-,ué me gy are §Z§B giclentric congtegssof -
the aphore and surrosading sedius, aad-!iis tha yadds The “:ggg;f’«

zotic godes,” on the eig r ha:id;i?ﬁﬁ?é o5 :gjaéiila{g‘@%ngm: of thi}
. sleciris vooisr and-Bavh Ireguensidn ageifisddy . ' .

-
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. [y
. ] .
. In the non-retarded iimit, the suriace mode frequencies of the
glectric type arve . |
_— o L2 f €€ W+1I/L ) . .. X ‘
4 wsbsé) Wszmms e 4 = 1,2,3,..., ( 89)

‘whére éc end €, are the static and high freguency dielectric con~

gtants 9f the sptiera. The amplitides of vibratisn very with dige

¥l Tne mods ¢=l is

thevefore & uniform mode which has buen studied by Frohlicht'd)

tanss x from the fenter of the sphere as

- Sinco there 45 » macroscopic gleciric fiold associated with

sx_zx‘f;ace égtic:il phonens of ihe Fuchs~Xliewer type, one may expect

i‘iz_at'ii'lg‘a‘se modes %11l interact with any free charge carriers

present in the crystal. indeed, it has besen sucwn by Kheitéts(“),

(76)

; :ﬁa;}p'iqg?‘), py. Chit and Q’uinn“s?, sud by %¥allis znd Brion
that the auﬁa'ce'opgircal; ,pisc.uom;'éoupio to tho surface plesoons.

For cerriers in e mpla porabolsc esargy bead; ono csn utilize

‘the progedufs resenied sbove ricspt thot the dielectrac constant

_Zg’i?eg by' Ei;.‘, {_‘c‘é’)_ is rég_l‘aced/by - N
_ oo ’wi‘ 2 wgl )
. R <, -—;--7--«§; _ ( 90
- ", Wed, o =

PO - “

w%ﬁnofilgm is ihe plaspa frojuendy. % 1w the carrder

N2

L/

| coneantrutivn 4nd B their sffediive sase.. Ia the wos-rotarded

1imit @ Telativesf gisple esz;;a,gssiz;ﬁ oER bbgm:" for tae coupled

kB,

PN -

. :gig:a%,ajéé?y@gqﬁeix;aéuén;mp@f & vegy thiz

. ‘5:“‘*?%_“%@%?‘%%&@i‘,;gs@) 74 @w??%‘; N L

B 18 ¢
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is the surface plasmon fréequency. Experimontal verification ol
Eq. { 91 ) has recently been reported by Reshina, Gerbshtein, end

&irlin(77) for n ~ InSb. ‘Theoretical discussions of the effect

of an external magnetic field on the coupled suriace god&s bag

(74) 4y Brion, ¥allis, Asrtctesin, snd

(79)

been given by Ruppin

(78)

Burstoein and by Thiu and (uénn,

There ars & number of ratler intaresting payzical phiznomena .

{an) ,

associated with Fuchs~Kliewer surface modes. Hahan hﬂs shown

that the fumiliar problem of imzge chargsse can be digcussed iu

.

terms of surface .poiaritons. If & soursa charge is lécatad agar
the interface beiween two insulating dielectrics or 2 &10i§5§§%¢~‘
and a vacuum, the resulting petential field can be representad bv

& set of iwmage charges. Accordinyg zp than, surfacs paIarinaus .
nake 2 notable contribution to the ima, e charges’ ‘ndacd, thsy o

giva rise to the entire polarization tiﬁld if the sowres chsrga= ]

>

" 1s cutside tho atolectric. - - .

~ second phonomenon associated with gurface pela:itcﬁs is
the Van der Kaaié interaction botweon soli& bogise. It has §eeu
shown by Van Xawpen, Nijboer, and Svh'am‘s}) {aqanveieraed case)‘and
by Garlnch(szg (rétarded case) that thexinn der ¥aais 1ntarn;kiea. h
encrgy is s npiy the «azo-paxns energy of the surfac& yolaﬁi*ans
Taat only the surfece aodes~aa§*g§\ the bn’“‘uqﬁesysta-ingelvau
15 cloar becauss owly the sﬁf@nég"mgﬁes:.svr

side the medin. TTs s
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: i} 1t wiii bo rocalled that Fuchs und Xliower made two importantg
. approximations 1n their treatnth - namely, they neglected the
effoct of the surface on the short-range interactions and they
assuned the wavelength large compared to the lattice spacing.
Lucas( 83 ) has avoided the first of these approxi#ations in an
iovestigation of optical surface modes in thin slabs of an RaCl-type
- exystal with (001) surfaces. Nearest-noighbopr contral forces wera
assuned for the short-renge intsractioas, and tho absence of neighbors

boydns the bounderies was taken into account in the equations of

2,

motion for the gurface atocus., However, relaxation of the ions near

%
AN
Y

4 i\' THI
A

R PP e wro Y
2

The surfaces and retardation wers neglected., The ions wero, assumed

) A é"‘n‘}é

to be Figid, apd the appropriste Coulomb sums were eveluated in

IO

-

#1Sn§~wi§oifeshien{ 84 ) Since aich latiico plane co3stainz equal
nn&bn*s e: pasit&ve and rogativo Lone and is overzll neutxral, the ) .

intsvactions betwaan nlﬁnes decrease axponeétinlly with soparation, :

- .and tha- senvargsnsn ot :ha 1ntorplsnar intéractinns i tﬁeraxora

vary Tapid. - \ - - .

Luoss savcied out kpsuific cazgulézions only for EP = 3 where

sp:is :he fws«dihénsiﬁﬁal wave vector pérdllsl %o tis suriace. By
‘_\ i9_§i s traasverss'optical sayface zode idisplaaaaasts psralial to i
the er45ﬂe} vi"h‘s fraQ¢enc* very aiigﬁtly helow that of the trems-
s va::sa bptical Bl ¥ nods for k= 9. 'mus result 18 in ~onirsst e

\‘that F&c&s ;nd Eijfwa" ¥no found €hat the ta vansvorse optical

. ﬁhsfsga-&nﬁc is not‘«ocalizad 3% tbs surfars fox kg =~ 0, %hig . -

difference 3s ay%zibutable o the 1n¢137%an by Incas of corrections

«i»’znsfghnrx-ranga Torces aaz&ng on sur'aaa fons due tu their N
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optical surface modos (displacemonts perpendicular to tho surface)

for kp » 0 in agreemont with Fuchs and Kiiower.

A more refined calculation for tho NaCl slab with (001) sur~
(30 ) i

faces has been carried ocut by Tong and Naradudin who

assumod nearost-neighbor ceatral forces and Coulomb forces botwaen

rigid ions. Proper sccount was taken of the number of short-rangs

interactions of surface atoms, and the possibility of changes 14
the intorplanasr spacing neaxr the surface was included in ths forou~

lation, but retardation was neglected. Caleulations were made for

wave vectors Bp covering the entire two~dimensional first Brillouin

zone. .
If wo napglect tho doubling of the surface rodes cdue to the
presence ¢f two surfaces, thea we can cheracterize the rosults

of Tong and Maradudin as follows., For propagstion in tho [100]

direction, there are four surfice branches. One branch is.
scousticsl in character and corresponds to Rayleigh waves. Thera

sre three opticsl surface branches. A high frequercy branch lieos

betwean EL and O and approaches a Irequency somewhat bslow wy,

38 kp.“ ©. Tais branch would be significantly affected by re-

tardation. A low froquency branch lies below the bulk optizal

sode freguercies for small kp, spproschos a frequency just bslow

as kp - @, snd is polarized in the sagittal plane. An inter-

'y
nediate frequency brasnck kas the same Irsjuency at kp = G ag tho

lav freqezncy branch, but rises- into the reogion botwoen @y and T

and iz polariczed parallsi to the sur!aee; fong and ¥aradudin cale

eulated tha deviitiosn of the slab frequsncy #istributién froz tho
buik éistr{b;iienﬁasd found proncuncod poaks cor:espondiag %o tho

gurface braashes. -

Lt o

4




c‘

ﬁi "‘3',. jocd L ‘,p‘ra N _ -

gy WSS IR A ST M TSI T AN St i A g hale & abe

)
«
v
I, 1T T T

o A I e ATl AR AT Y e Ny e et s A ot

N ) ) - 81,

5 € .

The 1avestilations of _Pégﬁs_ and Elga‘écr and of Tong and Maradudin
do ot lesd to sn ené&irfr.’.}';oés‘*f_:ént- pleturs of the surfacs sotical
modes of an ionle cr“v;.s:‘i\ alab. i‘.’hé problep of regbmoiling thess
results bas been :’mﬁg“ tskon by Joneés s*é.‘?ﬁgﬁaz 83 3 gnd by Chsn,

g},ian, dw*ga, a&d Do "i'ceta(gg 8"; ) TE}e f@ils«:z. pizsurs

OReryon I8 ahgv.fg:v ih :Ag—. 11, Tha high .ra,,ua oy Hraach of Toong

sad ga radudin spnm as l{f ] ins:gz twe. Brsaghes, zf:‘xe ar'%eschmg

3

R a2ng the stier dr.i. - -«,nesc are the rchs-—ﬁ.m'aer medes. {long snd

EY

L&*;auszin had not u.cd a sufﬁcmntlv at:nz). xp to :mveal the splig

ia'g‘} Xea:' kp « 8, tho Puche=; iie'a's.:r aodex entor the dwik LO and

-

itus and acwe "mxai ﬁscudaa—urtaca WAYGS. Tho iow

: eq NGy brfin e:z»...r“_ 2’1& acm.s»ical mzx ‘continuus about midvay

o fna Bril.’iou.gn M boundary and Mioanes 3 aixem AnGe Lrang)
The m‘a'sm,.‘-’*a*%ﬁwbraswﬁ dooz not coupla te hulk Zedes and Pemsins B

2 pure surfsce hrauch 6ut IS the zoes bovndazy,

'_A'::Glien st éz{gﬁ’s’}" _have iza?&ét-igéiaé several direstions of

propepstion snd have Icmad = 9;’:«' oz suriacoe podes in gaps in T
ggu_.- s-u}k f::gquene} s,‘eet*m Tm aave .also uti-wcé én;*z sm -
ssgdal -‘::r #n Hagl z;..a!; and rim. That tz:o ?ﬁehsazli%'er zc«ées are

pé?eaéos\srfaca ¥avegs. Ter zl’* wIVH *mﬂtuxa. - 'mg other zurface eggieé;’!-

PER R P K .

mdes ars ‘9&&&‘{.&3@ s:u‘:“sce‘ z::)naa rmu' « 8. The shell-modol -

,;:aic&iaiibns Huve séa.-x agtésﬂaé"s"} o RYF ond RCL, ﬁm rock-salt . '

s'mctura mteriszs Jiz:gthzs ;ar*est paps i’éescges‘z '&ﬂ oug f:s 83, fez:.‘

opticnl branches, Fel!. 4‘*‘1 d P .rzm_og.e’ 54 ca%a bxmm{@’ - g

itk frequencies lyinz ﬂ:ig tb;z -FEP grgxw. found far dm (ﬂé o R -
suriaces. Surisce modos aszOgidted with the r@gg un“:tace of 133 .=

Bave also been "“““0@(89) using the sbell model, ' S

»

é
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Tho problem of surfsce modas in a seai-indinite rocksalt

30)

f
e?ys:al has baen trekled by 2chs¥® sng Barsch® using the

Baattering 2atrix meshod. Howsver, thelr vsesits appear to be

in arror‘gl}.

Another -theoretical investigation of the icric slab is’that
{92} )

who fpund 24 surface =odes in the

leng waveliength snretavded limit, of whick 12 Jeczy slowly away

fron the surfaze (iike Euchs»k iewer aodes; a2nd 12 decay rapidly

ew iz ttgca spasings of tae suriace. TRe rolationship
these rasults gaé those ol @iher worksrys has not boen

fully »stahi ished,
{vi1h, Sgrztaefﬁnve§ in tye ?rasancg'éi~Secéhé Ssund
» “Essona s&und “ i.,8., propege 1ng t&aps aiure wavas =
. ke long ba&n Ypewa 4D l-qa‘é heliym. and has 'accnfly bgen ob~
servad i&’ss’*é heiiuai ?? é'anﬁkt§n§a¥i<g’ }; 3n.1nvestigntion
374 surz*ce effeoiz hsa b;éa aarr.ﬁd~ﬁnt-by ;éite( ®5 ) who con-

:idared :hﬁ coupii ng/“‘ a*tihle ?3?“# BDG .énparature WEVOS

through the {hBsrEal expnnsion. <4p$£§ aszuaad a sonli-infinite
isqircéic é;aéﬁic continuus apd- obiginsd two surface waves, ope~
cor*aspaﬁésag o th¢ yleigk !&?»— and the othor Baving a very

. 510? ?a;chtv given by f”-l»ia _
Y o T 'féé?{ééié;)stii(aT?%(psf/CT)llsst { 93)

#ha”& e—i&,the tha:msl expangion coefficient, p is the density,

- T is tho teaperatura, C 4s the specific heat, Gy 8.4 and §p ATS
the epoeds of bulk longitudingl, tranaverse, and second sound

uaves, and ca is a constant on the oxder of unity. Iolfe's siaw

wave 15 not simply & suriace s3cond sound wave, 5ut a coupled

particls-tenperature wave.
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3 SURFACE SPETIFIC HEAT
¥Within t>a harmonic approxirxtion, the specific hoat of 2
. erystal can do written as the suw of éontribut}ons from orch of
the 8 norzal modes of vibration in the form
: 2 2
Cm by T (38A0)” eseh®dpm,) (94 )
8.2
2 N .
where B = (kpT) ~ and wg 18 the frequncy of the s th normal sode, For
a2 bulk crystal, tne specific huat bus the familiar Debye 1? form at
low tomperatures, ¥When surfaces are present, the normal mode fre-
quencieg are modified from those for a perfectly periodic crystal,

and the specific heat acquires a surface contribution whose Zornm

we now investigate.

A, Continuum Theory.

.

Early treatmants of the surface specitic heat sre¢ bascd on the .
Debys elastic continuum model of a ciystnl. The Debye theory util-‘

izes & method of counting normal modes which, in its-original-‘form, "
yiolds the correct result in the limii of an infinite crystal, but

&n incorrsit result for 2 finite crystal. uontxoll( 96 ) improved

the Dedye theory by correcting the c;untiag procedure for the

nornail wades and found that the vibrational specific hoat should

?

. X ‘a
B TPt

bave an additicnal term proportional to the surface srea. In tho
low temperature linit, this coarxection term is proportional to Tg

in contrast to ths 13 deﬁenﬂence of the bulk term, - However, Xontroll

. used ¢lanpod boundaries rather than froe Loundaries. :

The modifications of the normal rzodes by free surfaces have
boen taken intp account im the lsotropic elastic continuum theory ~

by Brager and Sobuckowitzky, ¢ ®7 ( 98

) by Stration, agd by
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Dupuis, Mazo, and Onsager.( 98 ) Vo shall utilize Stratton's

approach in the discussion to follow, )

In the continuum approximation the mean vibrational energy can

be expresssd as an integral over the normal node frequencies

)

() =] gle) € @) do , (95 )
o
where g{w) dw is tho number of normal mode frequencies in the range w

to g + dp and €(w) is the mean energy of a normal mode giben by

: @) = moln(w) + 3] ' (o5 )

n(w) = [e""’/“a’r-l]"" ' (97 ) -

The spacific heat is then obtsired from .

.

© g HEMAT . . S te8 )

Guxr basic problesm iz 1o calculate the frequoncy distribution func~
tion gwl.
Tie enuroration of the normzl modes ie facilitated if we con~
Xy

and separated by a distance me. The normal modes for the isotropic
{100 3

sider & slad of material bounded by perallel plunes of.area 4L L
elastic sl;b were discussed by Lamb. They may be classified
28 either sysnmetric or antisymmeatric with respect to roeflection in
the nrid-planc of the siab. A fux&het classification can be achicved
in torms of the values of the decay constants._ql,q2 o? Sec. 24(31).
For g,.,q, both real, we have Rayleigh waves; for'qi real and g,
imaginary, wo hive mixed waves; for L 0R%: 2 both imagiaary, we have
pure bulk wavas ;Lth & longitudinal component. In additéon to

these thrae typas of modes, thers are pure transversae bulk waves,

e

>

e
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" v

' The wave vector magnitudo x, the attenuation constants 93499

&nd the frequency « = xc are related by the equations

‘. 1

1= [Q+28q,% - g%/ (1eK) 59 )

m2 - xzctz (qlz-qzz) (142K / (34K} {100 )

where X = u/\ and A,4 axe the Lamé constants. The wave'vector com-
ponsnis ™ x¢ and qy- xm are specified by periedic bo.uneary condi~
tions

g Bk, e 0,81,52,.... - (1012 ) .

QY" nyﬂ/x(y ? ny. Q;il,ﬁz,.... . (1911\? ) ’

* The spesification of the Rayleigh waves is comnieted by the boundary
condition . .

tanh 34,0 . 2 1
tanh xq 1l {314RK+¢™) . )

-where o - qziql and the' exponents +1,-1 refer to‘ the symmetric and
antisymmotric modes, vespectively. The number of Raylsigh modes .

with frequenciey loss than er oqual %0 y is given, to an adeguate

approximation, by ) . .

- vy 34 2
Gn(w) Y Yo /4:7cht { 103 )

where ¥ 16 the voluws, ?02' (3+2&-Q§K} /(3+2K) (1«@3}‘, and o, is the
goiution of ‘Eq.( 102) for 4 = = ,

i »

The mixod modes have one attenuation constant ¥epiaced by &

pure imaginary &mti!_cy ga'-‘i’qz- For large x. tha sclution of
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£q. (102 ) is
aj = (", /2L )+ by, {104

whers 6“- tan"I[uigK(q)] » B v 0,2,4,6,... for the symmotric modes
aad o~ 1,3,5,7.,. for the antisymmatric modes. The number of mixed
modes Guﬁu) is given by :

3 2
y 1 1
Sy ~ Y =ty - (i 1)

<

whare /2

r=&f (1+ x5z tan® cp) 8 (tan p)dp ¢ 106 )

O .
tan ¢ = «'* ix, and §;(tan @) = 36,/3x’. The integral X.can be

ovaluated. by coutour integration yielding

oy 2
14K (232K) ” 1
I= %1—517 ~ -~ - ( )

O | Qrl sz} 3 0

The* bulk medes have .both attenuation coﬂétanﬁs replaced by
fmaglinary quantities, qi - 1q1 and qé - 1q2. Foxr layge x, the solu~
tion of EQ.(102) can be written as

Qé had <"nz/-1'z)" 5B (108)

whexeo 63 -~ :an’ligxia)tan(xqi Lh)] and the n, are acn-negative

integers, For the nubber of hulk modes Gy(w), we have

3

( 3/2 3 '3
ogled = {8y | (K )T (B +x.-——-m-§(-‘f-.-))
b Sct i 142X 1+2X ) 16L29t 1+2K i

B

(209)
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" Finally, the values of qj for tho pure transverse bulk waves

are specified by K
q; = mn,/2L,, =n=0,1,2,3,4,5... . ¢ 1202

Tha numbex of tyonsverse modes with frequencios lesg than or equal

to w is

3 2
v W it
G lw) = -5 | = * wwﬂ—~§ . . (111 )
T " Gcz 161‘.:‘5t

The total number of modes with fiequencies less than o: equal
to v is givon by

F(m) = Gplw) + Gy (w} + Ggluw) + G (w? - A 112)

£3
he

The part of G(y) involving ws givoes the bulk contributicn to the

M id e
A
R L

iz

£
i

‘spechic heat, while the paxrt involving mz givesg the surfsce <on-

S

tribution. THe total number of modes is 3N where N is the aumber

of atoms in the crystal. If w, is the maximun frequency of the

crystal, then

.
e

3y - G(wm) . ( 113}
Utilizing the above expressions for the contributions to G{y), we )

obtaie from Eq.( 113) an expression for wy in the forn

.

Koy ** Wpg L1 { 114 )

whore Cop is the maxirum freguency of the bulk orystal gives by

n .
cttlﬁn”N/YJ1/3/{2+£K/{1+2K)33/2}r1/3 and Aw. o is the obange in w,
produced bty the suriace,

s “{Yf- I < {%/4(2220)1} Supp
W ™ : . B
88 T aqsy e ey L iy
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el SRR

",

s

"0




i v e e F o
B e L o

Gh.

where & is the area of the crystal and n =~ N/V.
; : The differential flequency distribution glw) is relataed to G{w)
by gly) = dG{w)/dy. The ’uternal energy, neglecting the zaro=-joint

contribution, can be written from Eg.({ 85 ) as

i3
{E) = = R . - - { L1632
o [~ «} ) ;

From 9.4 24 ), the gpeeixic ket becomes

. w;;‘ _ . 2 hm’/iﬁs'l' t
o whd CSE Y e ¢ 117)
- ¥ B} & :{Ea'l‘; 1‘ 5@;/28‘? 1} 9] &9 ) .
.« O ’ B - R - . -

Breuking up both g, and d6/dy iatd their Bulk and surfacs, pavty, ve
can ’write the surface co;si:z";buticu t“o"—tl;o B’éasélfic next, cvS’ in the

form ) 3

C,g = KAF(D) 0?3 (DEx)- B(x)] ;ofus )

shers 2 |
FK) = FEE7E ‘ e
F(R) = (fn) [24£%/ (142K 174} o

gné X o &mgafkr .
in thu lovw temperature limit, one Yinde with the aid of the

, oxplicit expressicns for ¥, and I that L. :

N

A
s

i

A R S
>
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J k3 Zci- 3c;c4+3c2 2
b” eie (e, ~c))
17¢ Tt
whers c% is the spoed of longitudinal bulk waves specifisd by
qiw (x+2p)/po and ((3) is the Nievann zeta function of argument 3.

Equation ( 120) was first obtained by Dupuils, Maze, and Onsazar( 98}

w9 used n contour integral represeontatisa for Cv' ‘

Tho surlace specific heat is seen 16 bo proportional to the
surfac; aro2 and to the sQuare of the absoluse tempexaturs at low
temperatures. For fine powders at sufficiantly low tesperatures,
tho surface specific heat may become compsrable to the bulk T3 coa~

tribution. .

B. ‘Discrate Lattice Theory.
The first lattice dynamical theory of the surface spocific heat . '
wes developed by Patiarsononl} who utilized the Rosenstock-ﬂowoll‘-‘l)
wodel involving nearast-neighbor centril and noen~central interactions
in a simple cbic lattice. 4t low temperaturcs his rol-lt redused
« t¢ a gquantity proportional to ATz. Howevar, the leock of rotational
iavariance of the Rosonstock-Newell model makes ths rosult lock
quantitative significance.

A more rccent lattice-dynamicul calculation is that of Maradudin e

_and wallis(zoz)wko trented the surface as a porturbation aanczplcyad

8 -Green’s function method. The perturbation involves setting to zmero
the Yorce constants coupling aéons on opposite sidss of the plane
aefinling the surfase. In principle, it might zlso Spwelve chanpes
in force constanig 2t oF nesy the surfase but not er@ﬁssn% t3e do~

Tining plane. %The latter ohanges ars nprlocied in the srsatmant to

ES . -

" follow, _ -
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-

fquation{ge ) for the specific heat may bo re-sxpressed as a

power sories in exg(~shwa)

3 - - " s2 vy { e b
€, = % 3331 52853 {(ahw 3" exp(~nghy ) . { 121}

Tho sum over the normal modes &an bs yeplnged by & contowr Integral,

s0 that

z
k. {82)" = i
g, =B T nf23 o7
¥ nL
nwl c

F(z2) dz

F%) < B (1/GP2) ( 123)
8 .

and the contour encloses the positive real axis and thus encloses

the polep at +wy of F(zz). .

N .
The freyuencies w, are thoaerof the crystal with a palr ¢f Iree

surfaces. ¥e shall also need the frequencies Wgg ot the perfcct
periodic crystal and the function Fb(zz) obtained by xeplacing wg
by wg, 1 Eq.(123). The surface gontiribution to’ the specific heat

can then we expressed as

2
) C1) M
B Mi

3_~nfhz
vS n z 9

[F(zz)wa(zg)]dz .
n=l e .

By expanding ir inverse pasers of z, one Iinds that F(zz)—$b(22) is

o2 oydsr z’q

; S0 that the contour can bs taken along the imaginary
sxis and closed by &n {nfinite semicircle lying in the right-hand
side of ibka complex plana. Since the contributica fLxom the sexi-

cirole vanishes, the surifaco spocific hoat can be written as

PR
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~ . B
Cys = ~[2kg(8n)%/m] & n J(nah) (125)
vS B nel
vhere y = =iz,
~»
y { 3 NP
J(adh) = j Y einlnghyzaiy ddy » (226 )
2 [ - o .
and Q{y") = ¥ (~¥") - ¥ . . (127 )

In the low tamperaiure limit, we are interested ia the asynptotic
behavior of J{ugh} as njh +» = ., How it ean ba shcm:{nz thzt ﬁiyz)

-

has as 1ta only sioguiarity a logaritbnic dependence on |y} =zs

.

¥ro,

ay®) ~ - a_ laly] +ollafyly , . (156 )

s2 that {ke dominant term in the asymptotic behavier ef:-J(th) 22

ngh » = 1s givea by 30

F(oB) ~ - Fnn /{osry s ota™h ‘ (129 )

<The low temperature limit of the surface specirtic hoat then becomes

Cyg = B8 Mk /M) 4 0T {130

The problex now is to calculate a('}z) and this requires.con~
sidoration of the lsttice dGydamics, '

let the foreco ooastaut mairices for the parfest crysial and
for tho crystal with the froe sucrisco bs i and 3, rospectively.
The sguetions determining tho aorssl modes for thesd Ltwe SREE3 Qn

by written as . . .

PN

."

W
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L=t~

6L~ % - 3, ( 133b)

g is the (diagonal) mass wmatrix, and 3 is the coaplete displacoment
vector of the atoms. OL is the perturbation matrix associatad with
the frag surface.

Wo now introduce the Green's func’tiox.x vatrices G and U for the
perfect and perturbed crystals, respectively, by .

gL

and =@~ 5&)—1 . .

One sces Jrom Egs. (134) and (155) that U is 2 solution of

LY

E~g+SoLy

o

+GTG

o~

waere the matrix T satigiies

~ "~ o

"TebL+8LET -

It w1l 2urn out that n(yz) cin bo expressed in terms o7 T and shat
T can ba gnlculated exactly for certein c.ses of intorest,

. A% this point, we¢ find it convenient to expreoss the alsmonts
af ’!'I in torms of the pigenvestor compononts Bsum) and elgenvalues
s;;: of thes dynnmical matrix,

2 B (Ls2)B (' x"8)-

3 53 s
B .I% 8 '~ ag

Upg (a3 "« i)
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whors the BS(an) satisfy the normalization condition

L?Q BB“KQ)le (L:W.) » 685' .

(139 )

Utilizing Eqs. (123) and (138), we see that I-‘(mz) can be written as

FGH = T W o Uniexie®)
i

A similar expression holds for F (mz) in torms of G ~ nemely,

o

2 2
FoW™) =& N Gyo(axitnin”)
° ¢na * ¥

3¢ that -

.

H

( 140 )

.

(141 )

A% = -3 Hx[Uaa(unxmz)- Gm(cn::,x;w‘)} .

{na

--TrNEIG

The eigenvectors of the perfect crystal

the fora

El(qo

L d

B ena) = j::e_ CnfairetEE@

. ¢ 142 ) .

)({.xu). can ba takon in

{143 )

vhore the mode index s now stands for the wave vector k and branch

index S. The elements of g can then be written as

.

1 o \Bu(xfﬁ.'j)es(x‘lﬁj)

Gﬂ»ﬁ {ense'n’ :mg) b

N(nxiix,)f k3 - mzfﬁj)

g of 3201 . (14¢)
1
i The mitrix T is conveniently calculated by noans of a doubls - 1

H

Fourior transiorm dofined by
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3
o L)

Ty, Wxie k" 5u%) =
v H Eydy Eady

[

ex{ Ko ) 5
x o EUEWIER TR g osa® L (1483

Substitution of Eq.(148) into Eq. {137) yields the integral equation ,

b4
T L e klktyiesin'{Bady) x §

satisfied by t(xiik'3iv’) i
2 2. ' : - -
t(E3k Y ) = V(BRI X 'S in™ ) :

. 2
. V(k3 =Ky dyiwT)

+ vk, 3,k D) Cocuey F T

2 .
B3y w et G

whero

-

’ 8L, {dnse %"
Vi st o F BB eltanagin gt~y
~ & :’xa 6'“"5 . ¢ (}Sgb‘;a;) -

x o ik-x{e)-1k*-x{e’) (147 )

In terns of t(ki;k's? ;,,-,-2), the Tuaction Q(?? Y zan be expresiad as

The key to obtaipning n(yz) is the solutian of tho integral

equation {1458). In goneral, this is a gifficuldt task, but it can

be accomplisbed for spesinl cases. We novw discuss ound such case -

nanely, a sizplc cubic iazttice with nearest and mext-noarast nesghbor

contral fosfces. - Tue Dotentinl ensrgy for this model can ho mritten

2 -
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. 1 i

$'v 5 I Doga(r,, dlug @)-u, " )]lv; @)-u ")) (148 )

L g
where the prime on the first sum means tne term for L = L' is
omitted .2nd the coupling constants Qns(rtt’) may bo taken in the
forn
xa_(u.’)xﬁ(l,c’) .
Qns(rl'é') - [+ (r“t‘l) . M ( 150 )

)
(r“.)

With central forces Cauchy's relation Cy10™ C4 must be satisfied by

4
the olastic constants. We &lso imposa tho isotropy condition

©11" clzf 2c44 which leads %10 the restriction

¢"(ac) - angi aog {151 )

where 2 i= the lattice constant. In the long wavelength limit :
{which 1is a1l we need for the iow temperitura specific heat), the

ﬁigeﬂ?aluﬁs © {k‘.) are
ki - .,{q > b3 1523

w2 E2) = w? () ~ (e, ,/p) KY . { 152)

Tho eigenvector 3{51) is given by

. X k k .
sié:l)"(%'%"f*) ' €353

The other twe eigenvectors canm always be sliminated with thoe aid

of tkw closure relation

.

zgo;(gj)es(k:) -8, . : (18 ) :
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FPor the modeil just discussed, we introduce a pair of (€01}
free surfaces hy setting tc zoro all -intersctions coupling atoms
on opposite sfdes of the planc = = &ao‘ A_totnl of five "bonds"
are thus cut which link a given atom in the plane " 1 with atoms

in the plans ¢, 0. The perturbation 65 ie gpecified by

Yea ) '
SLyp (tt®) ‘f’aa(ru'){%zl?%z.l* Bppeb it te -

. { 1688 )
bLQb.(u) - - ?' 6Lu5(u.') . .
The kérnel V(Ej;g' ‘;wz) then becomes
Plod alc ¥ £t o 2 n - ] t " ~flet 5t R 3
VIS ) = S leds G ue) TR RIvG'S) - (186)
where ¢ = 4~' , : . ‘ .
i . & _' 3
. 2o ({rs)1* . L ‘ <8 .
AR ;;;#:‘“ (x@)eEN) x N B |
' : (157 )

o
k2
ot

%

P
AR RN

x oAREEE gin 1 wxDy '

7

end the volume of the crystal ls (Lao)a. It should be emphasized
that Z takes on only the five values corresponding to the bords

broken in formipg the surfacs.

From Eq. (1568) ono sees that the kernel is separable. Equation
(248) can thea be solved by standard nethods to yleld the result

4 . e - ’ e 2l - '
RACHH AN AT 6(kx+ig:)6{kyvx;{)£‘ vrikd) x
2 S * ( 158 )
- - . - Tt qt
3{5 g(kxkyﬂ} )}‘EZ' V{‘t (E ")
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s &
where I 13 the 5 x 5 unit matrix and g(kxky;mz) is 2 § x § matrix |

whose slements are
v (-R3)IVE, (d) f

AL w?) = % % . ( 159) |
k3 w-w(ka) 4

It is conveuient to introduce a new 3 x 5 matrix m(k ky.u ) by

-1 . |

. O IS | - .2 '

Bl kysw™) = 57 (kK I I-mlc k0] Elkk,) ¢ 160 ) i

where ' 5

: (12)a_(k ¢ +k 1) |
EpzeGe k) @ 8on0 e xTxYyY © (461 ) .j

Using Ees. (157). (158), and (160), ons ubtains for a(yz)' the i

, expressisn
) 3,2 A ek sesB (162 )
Q ¥ - wpm {1 R “- 2 . 4
P kY [ree® 9))” "y :
whore ®
2 q‘u(r;—) - N 1 -
we(kj) = . — [x{£)elk)]sin 5 ke z{l) . ( 163 )
. 4~ (L}!;a r{' . ~~ o 2' "~ o~

The singular batavier o?f Q(yzf az y + ) arises from a diver-
gencs in the sum over k in Eq. {182) assaciated wizxk spall k 'valucl.
in fact. it 18 th¢ wmatrix {I—-n(k ky,m ] which 1s singular as
5 + 0, ¥o can therefore restrict oul attention to amall 5 values,

replace the suw over k by sn integrel. The result for a(yz) is

' [£4 o
! : . Fyy 3 (2) :
: 2, . & 5« F'0 ao - g
‘ 0% - 2 2] dx[n a, ma gD x
: e S~ .
«. - .. 2O (l\}%o 2 -1 .
B . : ’ RS NNELE Y, (184 ?

. | - , !
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whors A is the area created by cutting the bonds,

2 pis - -
(») 2. %5 a [2-ek3)I[g’-c(kil] - -
My (k K3y )e L2 B | Odk Sy 1o D) ke L)
. - T "
Y ( 165)

el

o«
and c? - 3¢y = 3c§ ~ 3n" (2} ao){aop .

The evaluation of the <lements of E(l) and 5(2) using Eq. (165). s
straightforward but tedious and is given in detail ia Ref. (302).
The result for the limit of n(yz) as y » 0 is

“a%) = - —&5 (10/3) gn]y]+ olaly]) . { 166 )
Gm:t .

Using Eqs. (130) and (166) we cbtain for the eurface specific heat

a2t low temperatures

-

3 a2 2 . n .
= C g = BUSM )¢ (3) C10/3c2ra1° ‘ (167 )
’ Jwhica corresponds to the results of Dupuis et al(gg) and of Stratton
2 a2
when cc 3°t .

: At this point it night be well to discuss experimental atiempts

to observe the surface specific heat. Lien and PhillipsaGS)

‘ :;: moasured the specific heat of ¥gd powder in the range 1.5 to ¢°X and:
| found & centribution of the foxrmC = O, 163T2 njoules/mole/deg. The
discrepancy may be attributed to uncertainties in the surface ared,
the Debys tempers.ure, and the true elastic constants of ithe suwll
particles, Morrisun and Pattersouacg) carriod out measursmenis on

¥aCk powder in the rangs 9PK io room genperature. TR ©XCENG

gpecific hest over the hilk value betwesa 10°K and 20°K is about

o
[5)

|

»
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t

1.5 timos tho theorotical gurfaco spocific heat of Dupuls et nl(gc).
Similar results have recently boon obtained by Barkman, Anderson,
and Brackettqo9 for ¥aCl powder. However, the coefficient multi-
plying T? in the suriace specific heat was found to be about 40 por
cent less than the value of lorrison and Patterson and is therefore .
in better agreement with the theoretical result,
De Sorbo and Nicholsa'oq zeasurgd the specific heat.ox larpblack,
but tho excess specific heat over that of bulk graphite seems to te

{x07) than to surface

duo more tO changes in the elastic constants
effects,
The theoxetical discussion so far presented has been restricted:

to isotropic rmaterials. Some recent onk is applicable to non-iso«

tropic crystals, A computer calculation of the surface specific heat

for a (100) surface of & face-centered cubic lattice with Lennard- .

( 25}

cut by Allen snd De Wette using Eq.{ 94). The results are uppli~

{
!
Jones (6,12) interactions between all pairs of atoms h3s been carried _ §
1
cable to crystals of anoble~gas atons ahd were obtained over & bread i

vange of tesmperature., At low temperatures, the expected Ta dependonco

was found; at higher femperaturses, the surface specific heat was

found to pass through an infiection point. Indeed, the surface specific

.

heat nrust pass through a maximum and approach zero as the temparature

increases since the high temperaturs specific heat has the value kB

.

per normal mode, iudependent o2 the presence of 2 surfaca.
. . . t

-

. This behavior has beon found by Allen snd De Wbtta(lcs} who ’
extended the caleulations just discussed to ths (110} ang (121)
surfzcos of noble gaw crysiale in addition $o.the (100) surfsce.

. | . i

Nrv————
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The surface specific heat was found to peak in tho vicinity of.
10% tor Ne und at slightly higher temporaturas for Ar, Xr, and
Xe. Allgn and Do ¥Wette also calculated the surfuce free energy
which varies linearly with temperaturs at high 7 and approaches

tho zoro-point value ag T « 0,

-

Similar behavior -has Doen found xecontly by Chen, Alldredge,

Do VYette, and Allen(log)

who have calculated surface thermodynamic
functions for XaCl slabs using tha rigid ion moddl involving
Coulemb interactions and nceaxest~neighbor Bora~Mayor interactions.
The results for the surface specific beat are im quite good agrec-
wont with exporiment.(lcsa Tho calculated surface speclific heat
exhibits a maximum at 45°K which is close to the experig?ntal

value of 40°K.

.

. .

.
-

The RosenstocksNewell model(4l ) has keen employed by Dobrzynskil
and Leman(llo) to calculate the surZace specific héat by means of a
phase shift mothod, 7The ?esult in the low temperature iimit hes

the form

.

Cyg = (B/aneD1 + 2(e /e i@ adndar? (168 )

which ig quslizatively similar to the result of Depuis gglg;,(99 )

Cunninghamcall) hag ceiculated the specific heat for an
anigotropic {110) surface of a simple cubic lattice using two
diZZerent nexrost-neighbor forco. constant models; ‘One wodel
ss5uMes 2 decoupling of Rhe motiens parazilel snd perpondicular to
the suriace; tho other is the Rosenstock-Newell model. The Green’'s

Zunction noshcd‘loz) ves used to csleculate the surfsge epecific .

.
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hent whiclht was found to be asbout 10 percent lower in the isotropic

limit than the correct value. This discrepancy may be due to the

lack of rotetlona) invariasnce of the models.

The surface entrepy A4S of fage-centered, body»centered.and
diamond-type cubic crystals has been investigated by Dobrzynski and
?riédel(llz) utilizing a nearest-ncighbor contral-force model. ‘The
{100}, {(110), and (111) surtgces were studied, and for each lattice

it was found tha‘

. -

AS(100)> 38(110)> as(111)

C. Adsorbed Surface layers.

Some investigations have recently been reported concorning the
surface specific heat of crystals having adsorbed atoms on the sur-
face. Dobr*ynbki and Mille( 56) have ubed a Green's function method
similar te that described above to study tha Rosensgtock-Newell model
¢f a simple cubic lattice with a layer of adsorbed atoms on a (180)
surface. The central and non-certral force constants were agéumed
to be equal, and the same value of this constant was used in the
bulk and at the surface.

v

Taking the masses of the surface and bulk atoma to be MS and ¥,

respeciively, Dobrzynski and Xills f@;

at the surface gave a contribution

Tenperatures of ths form

8Cyg = Hg(isd J3/5)n% ké(TVSﬁ)k [ lﬁé )

IRV
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é vhere NS is the number of surface atoms (mrss Ms), Q- (us—u)/n,
and eD is the bulk Debye temperature., Since this contribution iz

: smaller on the order of '1‘/9D than the ordinary surface specific

heat, it will be very hard to observe experimentally.

A S R M S,

A6ditional calculations of suriace thermedynamic functicons for
{113}

adsorbed particles hsve bsen made by Allen, Alldredge, and De Wetts
for the {390), {(310), and (111) surfaces of & face-centered cubic
lattico with Leanzrdé~Jonss interactions: The changes in the thermo- |
dynamic functions due t5 the change in mnass of the adsorbed particles

wore cslculated numerically as functiong of tesperasturs.

The sffsct of a step on the surfsce specific heat, entcoopy, .;
and fres onergy has besn worked out by Mesri, Allen; and ﬁobré&hski‘lz4 LA ’ °
for 3 [100] stop on & {(0U01) =surface of Q simple cubic crystal using
the Rosenstock~Newel Yodel., The step i; found to imerease the

surfece spapific heat and entzopy, dut decresse the free energy, -

v
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4. ATTERUATION AND ARPLIFICATION GF SURFACE WAVES

Oniy recontly have either the experimental or ihoorsticsi
aspects of the attenuation of surface waves received detailisd
attention. We first survey the thooretical situation snd thep
briefly discuss the available exparimsnisl results,
A. Theoretical Aspects of Surface Have Attenustion

Various mechanisme can contribute {o the daoplng of surfzce
waves,. These inc}ude the anhasmonic intersction between phonons,
tho interaction of the surface phopon with impurities znd inﬁer—
factions in the crysisl, and the interaction of surface phonons
with conduction anlectrons in netals or semiconductors.

Since long wavelength surfuce waves penetrates deoply into
tha mnterial, it may ho expscted that the damping constant for
such surface wnves can be related to the damping constanta for .

bulx waves. Press and Healy(nﬁo have ccnsiéered the isotropic

gage vhere the Raylelgh wave velocity ea is gpecilied by

o2 b 2 o2
( --2-) 15( --3)(1--%)» 0 (170)
C¢ Sy €

whare cz and cy

bulk waves, respectively.

are the veolocities of comprossicnal snd sheay
Dissipation can be incorporstad by

letting each volocity bocoma complex:

e Yy

Sy vy ol iét)§

- ; 3
CC(I + 1531
1Ty
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If one takes the total diffeventinzi of Eg. {170) and sc¢ives for g

)

}

‘ tho increment 58 in terns of bt gngd éz, one finda
| PN %
; ch 4:1«!‘ i 7 i"ggl“ﬁ:
| 4(1--—)- (2-*'-3‘ H é‘,fv-%ﬁg‘ 9'*-2-}--.2-‘!5‘,'
| < cy PoA egiey i
| b = ) * = . Q72
¥ o2 . o2 o ¥ , Ggﬂ"
v Y " £ EY
sfr~-Eytsafs B -f2- 2 .
czjc2 vt r e } . ’
t7 7 i bt 4

The dampisg constant is proportionzl 9o the fmazinsyy paxd of the

vave vegtar. Toitisg . .

ko %‘”'ﬁ - iz {173}
and using #gs. {171), we oabiain fov g

: Ce= B _ A ¢t 20
The damping cossteni 203 the Bayleigh ¥oves ap @an naw he written ‘ -
in torms of thod dawmping constanta wy and ay for conpressional

and shesr waves, respectively, as . .
3

2 2 g % .
[ c [+ < [ RN T X
C3r e d) e D
< ) < A 1\ o ! c"‘}xe \ j -
agn )‘ t g_ E .‘L Pi ~
’ . 3 -
cg c% cg c; .
é(i""’g‘)-—§+4{1“~§)"(3""§3‘; ‘ - ;
* cu c c 0 A
T A L % .
{375

PO,

Tho tgeoratical poediction contained in Eg. (175) wro found by

B el

Praess and Heasly to bo in gzoed agreoment with eigari:nnpal data - T ’ -

for plexiglass shasts.
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. , The procedurs of a2dupting the theory for bulk wave attenua-

tion to surface waves has been pushed further by Mc Bride(}lﬁ) who

¢t s
+ ., applied the results of Maris“17) for bulk wave attenuation by cubie

anharmonicity to the surface wave problem., Even at liguid helium
> . temperatures, the wavelength of typical thermal phonor- is sush
iess than the wavelength of the ultrasonic surfznre phonon, s8¢ the
principa’ scatiering of the wltrasonic surface phonon {6 by bulx
phonons and pot bf thermal surface phonons. In particular,_ﬁha

dominant process is

L+ T=T

7

shere I stands for the ulirasonic surface phonon and T stands for

s thermal transverse bulk phénon, At low temperaturss vwhere

REBRTHRAL

gT >> 1 (3 s the lifetime of the T phonons}, Me Bride finds .

R Q~T47-

1 ( 178 ) '

where T is the absolute tempzrature. This resulit is pt variance 3
:, . with results of other workers to be disénssed iater.

.. A somewhat different wmacroscepic approach has been followsd

- - - by naris(IIS) whe related the sttepuation of ultrascanic suriaco

waves to the bulk viscosity, heat conduction, and thermal expaﬁsion

I

. - of tho crystal in the limit that th~ mean Zree path of the theraal S
AR ghonons is auch leas than ithe wave length of the surfaus wave, Tae ¥

procedure should therafore be spplicable at high tempsruatures., 4

41

sinilar treatmont hzs been roported by Xing and Shesrdtl)g} d
who givo & spoeific axpraesion for the surfacs wave dampiung ceéssaat, H
* The displzcezant vegtor u which catisfiocs the Ireo surfsco boundary ~ &

:,; . conditions can be written 4o tho form (ef. Eq, (8)}
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3
u { R 177
u = B; X exp{i(ﬁ_J £ o= wt)) (

where B, and kg have Cartesian components whose analogues in
~y —

Eq, {8 are gj, na, —LCJ and x&, am, ixej, respectively. The

viscosity tonsor components nijké entor the Rayleigh diszsipation

function
e . X Fé
¥ B0 Magg O4g S (178
where aij is an element of the strain tensor
1 aui au1
aid~‘(€x; + :\:;;‘: . ' (178 3
For o general olastic medium, the damping constent ¢ takes the
form )
¢ 2 3 . .
¢ =8.7uw Tage/3scy dB/ex (180 3
where
: . JI f % Jx &
W, = DhiEeIS giceKy Bygeey KBoey /(a5000))
aff

% N
Zyy5:K 5By 5K 8 1 /(Qg,4q))

X

mediun, there are only teo independent, non-zerc elements of the

viscosity tensor oad the exprossion for ¢he damping constant
Teduces to s form eduivelent to that cf Press and Kouly.

A countinuum treatment applicabla to anisolropic crystsls at

. L1812 )

)

)

« - P J J J - : 1
EpE = %loyx) # agx, + az%s) = i%?ixi, and oy ~1q;. For an isotropic

iow temperstures (wr > 1) has been praszented recently by King snd

Sheard.(lga )

. Propér sccotnt iy tsken of ius fres surface. bourdary

_u.uw%&
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conditions. The displacement voctor u which satisfios these
boundary conditions can be \'vritten in the form given by Eq. (177).
Since the dam}:ing constant is calculnted quantum mechanicelly
using perturbation theory, 1t is c.onvenient to quantize the dis-

Placement field by writing

3
h \ [g. KJ bkexp 1:’.‘,1'3:

) SR T S ik .
: + 3578, oxp(-tk; ) (182 )

where bk and bk+ are tbe annihilation and creatiop oparators for

~

the mode }3, cg is the velocity of the surface wave, S is the surface
area, and 8 is 2 normalization constant which caa be calculated from

the kinetle energy (half the total emergy) and is given hy

A= 5 B,.*'8 KX /. t+q
iJ 151 J 51 J

" , 3.
3,064 "

183 )
3 .

King and Sheard neglect the effect af the surface on the bulk nmodes.
The corresponding quantization condition for bulk medes of #ave

vector 5 and polarization p can then be written as

5 (on ¥ Tz Ry ( 188 )
- o amand (a, 8 +a,__ o~ 3 3
~ :‘Sl? (2?\’535:?) %:P 1 -ﬁ? «ﬁp }

are the anpifllae

o’ e L

where ¢, . is ths vola ; +
Sxp polarixcation vector and a,k)" aky

tion and creation oporators. ‘ ’

-

. S, S A & A

YT
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The cublc anharmonic intoraction in the contiuuum approximation §
. +
. hag tho form ) lf
1 . [
‘ asn | u o W e Y (
1, = (1/3! ; A = g e dr i85 )
‘ ‘3 1 ks 1ikgmn axé . ax{_ axn ~ . .:
| i where the coafiiciex.zts Ay gkpmp. 37O Telated to the second and third .
order elastic constants, Considering only interactions between 2
7s;ur£ace phoron and & bulk phonon to produce another bulk phoien, . . .
1’ ] . 5 + (}j_lspl)':l (52:.?2) ’ .
. King and Sheard obtain for the matrix glemcnt of 33 for this procoss -
t. . .
- n N\ \B ke
! ¥(n:kqDyaKoPp) = S(r) n %, -
H 1Y - [} % .9 - :
i x,? [IJ/(iqu-srklz k2z)3 “kx'”‘lx’kz?x) 6(k3+k1y,52y, % !
1 3 .
i .
4 {n n,{n +1)}§ | \ {186 ) :
x 178 f

.

wiera ¢, ,C, are tha hulk node velocities, BBy and b, are the - B

mode 'occupation nunbors, and .

. E - 1/3: . b . J A 13 -
R 0AY B F Mukese Bt ouktadn sz

5 F P AR L I St s

- nn -

where P denotes the six percutsiions of tle pairs 113}, ()s {=un). : . .

Using perturbation theory, the transition rate and thence the : - - .

relaxaiisn time Ty Yoo surface phoyonz can be cricunisted. 7The o T L '

o SR
-
.

v e,

'
A
v

NS SR

at
b




regult is

i
2 . 2
| - > Crh ak,k .. F
! ’ %"" - T { 3 3} 2 ("3"“?,) = J ®
\ . S PyPy ,lﬁén p Cg g ¢;¢, J ian+xlz-k22
\
| x 8 ughwywy) vy dky, ( 188 )

where 51 and ﬁz are the mean occupation numbers of the bulk phonons,

and Wgs ©ys Wo afe the frequenqiea of surface and bulk phononsg,

respectively. It should be noted that the deminant processés atten=
: uating surface waves are enevgy conserving {(cf, NMc Bridsclls)). BO

no relaxation tims for the thermal bulk phonons appears in Eq. {188).
: ‘tho integrale in EqQ. 1158 nay bo gimpleied if onc introduces
the nax variable 5 “ 52751 and uges prolar coardinatos kl 8, © for §1
with'§ ag axia: Only small E are important, so both bulk phonons :
¢ap be tiken in tae same branch, klkz P k§ ; ¥iVe = vl‘3 » Evaluating

the integrzl over k, in Zq, (158), cnu gets i

. 1 hug (k - D, &3 . 1 |2 6(a)singdgdpdr ( 18 )}
7 e L I 3 - sin
) s %ndpscg g\ Fp 4 :{ J g5 | _
. R ; whers
. . c. K 24
, 1 X 1
‘ 3 = 3 = o=~ cos§ + == 5ing ;== - {180 )
\ Ty i o8 o8 e
| ~ M
- M : K x
_ R % - 1
ST By = Pt @x ’ (101 )
. > AR G R .
+ - ?—‘ £~'T“i : x o FclkE!kBT s and A ™ g&}“ s In tos low tampperatureg iialt,.

D; - 434!15, 0o one hag
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Thoe evaluation of the remaining integrals in Eq. (189) is difficult
and has been carried out in approximate fashbion by King and Shearad
25r svrracs waves propagating in the X direction on tho Y and 2

surfaces of quartz. The results for the 'Y surface differ by less
2121

T e o w30 !xm”
Y

than a faztor of two froi the experimental data of Salzmagn et
A lattice dynamical calculation of surface wave dampzﬁg for . P

an isoiropic cuklc céystal has oeen carried cut by Maradudin and

Kills(lzz) dsing & CGreen's function method. A model with nearest

and next-neaveet neighbor ecentral harmonic interactions and nearest

neighbor cubic anharmonic interactions was employed. Using standard.

techniques of many~body theory, Maradudin and ¥Nills relate the

danping constant I;(w)(proportional to the reciprocal of the lifetime)

for the s-th normal mode to the proper self anorgy Ps(W) fhraugh .
the eguation | ' .
» k -ST .
dglw) + il (w) = « —5— Lim piy-i€} . (193 )
& 9

whare As{m} is the frequency shift due to the anharmonicity and
@ i3 fo be ¢aken equal to the normal mode frequancy Qge :

In terme of the &re¢ .a's function U&s(ix,g’x“;mz) introduced
in our discussion of surface specific heat, Ps(w) can be expressed .

in lowest ordor of perturbation thwsozy as L - .

p (i, ) = (8/40 ¥} T D p 5 & Uqdots) -
Bt Thwats ooty By By 2Py e :

% 8 5,5, BaRatg) By %) By (38y) x

v E.
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whetre the indices x,x' have been dropped, ¥ is the mass of an atonm,

§a10203(31£2£3) is the cubic anharmeonic coofficient appearing in

the cubic ankarmonic Hamiltonian

Ha= (1/6) T z 3 Yatatadu (v (Ldu (1.), { 185 )
i3 L1bpls ayegug 019293 Yakats oy 217 g, 27, g

and Q" 2ﬁ4kBT/h with ¢ an integer. At this point Maradudin and
Mill., expand in ferms of the eigenfreguencies w(k3) and eigenvectors

22;5;)0«) ‘for the parfect periodic crystal

yget. B - : (=) (o) .
g \ﬁ e I= (/%) Z T . BV (4 o) £8) «x
wh == kydy kpip 21917 B?5232-"

5 w3 kody500) ¢ 1958)

Befe) = BT ) cyt) - ( 196b)
~J ~

whera‘gég)(iq) is given by Eq.{142). The propexr self-anergy Bow

-

hécomes

72 -
P (3? ) - 5"""‘ E E 2 E C (k j )c (k, '.‘ ,)
T Wy Kl Siadg Ry ek A P A e

x Wy kgl Xads) Wl "3y ik 5" 1kgag")

4
.

i vy 2 . .
o s RS20 90 ) ey ey it 0D (07 )
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y(i‘iljl'i{_zjz:}fa.’z) - [m(ﬁljl)w(ﬁzjz)w(fads)]i X

X "(§131'5232'¥3J3) . ( 198 )

and
)3/2

-3
V(e 3y kodpikada) < § (7)) [wldpuliadpelisspd] x

(o) (o) {0) .
x I = ? (L 4000) (L% 3B & (Lown) (Ln04q).
Lidols wragug 1923 223 B3y B0 By, 20 Py, e

{139 )

The sum over n in Eq. {(198) can be evaluated if use is wmade 0f the

spectral representation for u(kj,k'j’ 0,

F(k5,E'3 V)

. ulks k's 10%) =

-0

dv . . {200 )
V- : '

Using the theoyy of coentour integration, one finds

©

. FSERY 1 - D .
E (vl_imni(vz_i(w"_mn)) EBT {a(vl)"l’B (Vz)}/(vl'l'\-‘a im{‘). ( a1 )

n-m

whare 8{v} ~ %- coth(hv/?.kBT). The damping constant rs(w) now

follows from Eas. {183), {188} and (202) aad can be written as

-

£, (@) = -2

5 b D Colk.34) C_(X,3.)
. » 1y % 1) 2 =iVl 5'=2v
hwg XyKoB3 Jydadg E{koks J1dsdg

VQS 3 AE 3 :}E a2 'ﬁ'(}"j',’}g'j’,k';j'} x

1Y1°252Y2123Y3 1V17.292:23Y3 ( 202 )
« o
dvl !{. dvz u(ﬁgiztsyéf\u)u(‘%sja1%35;\’2)[3{Viz‘efvzgzé(wawl’vz)

. .

-0
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Turning now te the case where the mode s is the Rayleigh
surface mode, we consider the quantity ﬁ(ﬁj,}'i';v) in the presence

. of a surface. Since the wavelength of ultrasqnic surface phonons
is long compared to the wavelength of thermal surface phonons and
the penetration distance is proportional to the wavelengtu, hs
interaction of the ultrasonic surfece phonon wiin thermsl bulk
ﬁhonans i3 the main mechanism foi damping. If the effect of the
surfece on the thermal bulk phénong is neglected, uaradudin‘and
Mills show that the spectral density 5(53,5' 'sw) is well approxinated
by that for the perfect er, stal withoué the surface, GO(EJ;E'J',V),
given by ’

T, (63K sw)= & Bk )64 ¢ w331 -8ww (k) T}/ 2w (k). {203)
The next ingredient required is Cs(ﬁj)csﬁﬁ'J;) for tho Rayleigh

wave, Noylfrom the definiticn of the Green's function E;e(ﬁg':wz),

we soe that

.

{ '
BS\!:'&)BS({{- 5)

‘e, &
- =¥ Res, (U ' N (204)

8 8

- ve 2 - < 2
where Resms{ﬂag(éi su”)} stands for the .residue of U&E(gﬁ'.m } at

the simple pole weug. From Bgs. (138) and (196) we sge that

€, (4)C, (6" 3")
.

= Res  ~ (u{ki.k' 10?)) - (205 )
s B

The double Fourier-transformed Green's function n(&j,E‘J‘:mz).cnn

be written as

PO
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ulkd,k’ Y - uo(}gj;g'd’;wz) + pulky;k’ Yiw?) ( 208 )
where uo(gj.s‘j’;wz) refers to the perfect crystal ard is given by

g ACkik")6. .,
u (k3 k'3 i) - ( 207 )
- w = (kJ) :

while aucky,k’j 1w ) is the incremeni in u{kj,g'j';w 7 produced by

~

the surface and is given by
vge, 2
t(‘}jjv}s j HU )
[o®~? () [wPu® (k' 3] .

au(Ed k"3 10) =

with t(gj,ﬁ'j';wz) apecified by Eq. (158). Since u, has no pole at
the Rayleigh wave frequency, only au contributes to the residue in
Eq.(205). Maradudin snd M1lls evaluated au for the nearest and
nextanearest neighbox central force wodel of.a siﬁple cubic lattice
employed in the surface specific heat calculation.(zoz) .

The final ingredient required by Eq. (208} is the anharmonic
coefficient V(EJ'5131’§232)' Maradudin aqd }ills argue that the
nearest-neighbor interactions are dominant in the anharmonic *erms
if the interaction potential ¢{r) drops off rapidly with iécreasing
r. The cubic anharmonic coefficient in generallinvolves '),
p"(r), &nd o‘(r). The third derivative p'''(r) generally is the
most important, and only this contribution is retained by
Saradudin and Mills, Furthermore, for deeply penctrating Rayleign
waves, the effect of the surface on the anharponic coefficients
givés Y negligib{e contribution vo the dawmping constant.

The Rayleigh wave damping constant can now be evaluated for

the neargst end next-nearcst meighber central foree model with
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isatﬁnpy in the long wavelength limit., The detalls are cumbersome
and can be found in Ref.(122). The result in the low temperature
linit is

. e, \8
Ty wg) = 2:39% (4) [0.0521 + 0.337 (-—5-) o' )12 «
(2n) %

wp(kBT)4
X -j——W“-7-§ { 208 )

&
fq Cncth )

3

whare Ty is the nearest neighbor distance and the Rayleigh wave
speed is given by cp= 0.919ct. The result contained fin Eq. (209)
bas the same mTA dependence found by Landau and Rumar{izs) for the
damping of bulk waves. Maradudin and Mills have used their model
to calculate the ratlo of the dnhping coustants for Rayleigh waves

ang transverse bulk waves and find that the Rayleigh wave damping

is much layger than the bulk wavs dampisg. This result is at least’

in part, howover, s consoguenco o7 tha appreximations made in tholr

treaiment,

Besides anharmonicity, Rayleigh waves can be‘dampod through
their interaction with impurities o other imperfections, Steg
and Klemens(124) have calculated the Rayleigh wuve damping constant
for inmpurity scattering using the isotropic contlouvm zmodel. The
surface w. /e displacements were taken to have the usual form gilven
by Eqs. (14 ), (15 ), and (16 ), but the bulk wave displacoments
wera not chosen 80 as to fulsy satisfy the free bhoundary conditions.
Toe .result for the 1lavorse scaitering time when theo 1mpur1fy ig a

nass defect-at & distance z froem the surface can bo wiitten sa

|
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! Lo Bam) 5 ra () Aplua)+ Ag(x2)] ¢ 210 )
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where 21 is the concentration of defects per unit surface area,
sm 15 the additional mass of the defect, and A, ,A,,A;, and B are

dinensionless parameters. The terns AI’AZ‘ and A3 describe the

R T

scattering of the Rhyleigh wave inptoc other Rayleigh waves, into

) longitudinal bulk waves, and into transverse bulk waves, respoctively,
while B is a slowly varying function n»{ Polgson's ratio, '

{ ’ Steg and Klemens . investigal.l e ritio ¢f scattering into other
Rayleigh waves to the scattering into bulk waves. They Iouad that
this ratio is significsntly greater than unity for wavelengthus

greater than the distance z of th2 impurity from the sdrlhce, hut

: bcconas.vary snall when the wavelength is mueh 1ess'thaq z. Egqua~
tion ( 210 predicts 2 very strong ws.dependence on frequency for
z+«0 (defect on the surface). This suggests that the succassful

propagation of very high frequency surface waves (g 2 1QGHz) may

.

rsquire very smooth surfaces,

B. Experimental Aspects of Suvfaca Wave Attenuation i .
An axcellent rxeview of experimental techniques used in the

study of surfezc elastic waves has recently been published by

Dransfeld and Salzuann.(lzs) A somewhat older survey is contalned R B -

in Viktorov's book.(lze) we shail give only » brief discussion.

A number of metbods have beeut empleyed for the generation of -

7 -

Rayleigh waves. A necbanical method utilizes a wedge ox prism placed -

on the surfacs to bs studied. A transducor plpced on an ablique

surface of ta~ wedge launches longitudinal elastic waves of speed

i -

'
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Cw into the wedgs., At the interface between the wedge and the

solid of interest, the longitudinal waves are partially converted
into surface waves of speed C which then propagate along the surface
of ithe solid., If g is the angle.between the oblique surfzce of the
wedge and the surface of the sol%d, then sing = Cw/C. The prise
sust therefore be made of a material with a small longitudinal wave

speed, Cw < C, such as a plastic,

.

Another proEedure applicable to piezoelectric materials involves
a scrieé of linear electrodes deposited with a spacing d on the
surfacé}27%f the electrodes are all coﬂ;ected together, one has a
single-phase array; if alternate electrodes are connected togother,
one has an alternate-phase array. éapplication of a rf electric
field to the electrodes generates gurface waves through thg electro-
mechanical coupling of the plezoelectric. - The wavelength of the
Rayleigh waves generited is equal to the electrode spacing ¢, Non-
plezoelectric materials can be handled by depositing a layex of
piezoelectrig naterial or part of the éﬁrface to ba studied and
then depositing the electrodes on the plezgelectric layer.

The single~-phase or alternate-phase eiectrode schemes can a2lso
be employed to detect surface »:»es. Recently, optical technigues
using lasers have been devels,vﬁ{;zs) for detecting. surface waves,

Relatively few oxperimental results are available on the damp-~
{ng of surface waves, Salzmann, Plieninger, and_Dransiald(lzl)

have studied Rayleigh wave damping as a function of frequency and

tenperature for several surfaces ¢f quartz. At Jow temperaturgs

(below 40°X), the dampisg was found to sxhibit the gTﬁ dopendonce
caleulated by Maradudin and ﬁills.(lzz) At high temporatures
{asbove 60°K) where g7 << 1, ths damping is independent ol T and

X
»

~

» -



variesn as wz. The w2 deépandence can be understead in terams of the

(118 ) dg 119

viscnsity coefficient thsory of Mdaris and of King and Shear

The actual experimental datz lie somewhat above the values predicted

by these thoories, but improved experiments by Budreau and Carr( 122 )

have removed this discrepancy as well gs the discrepancy with the

froquency~independent results of Daniel and De chrk.(lso)

C. Amplification of Surfﬁce ¥aves

Recent interest in surfaco wave devicey has focused attention
oh the amplification of surface waves, paorticularly in piezoelectric
matorials: For such matérfals it is possiblo to couple drifting

current carriers to the surface wave and thus transfer enorgy from

.

the carriers to the surface wave.

In practice, one can avoid screening effects in the piezo~- .
electgic by having the carriers in a thipn 212b of_semiéonddctor'
piaced adjacgnt to the piezoelaectric. This case has be;n discussed
‘theoretically by Gulysev nﬂd Pnstovoits 1313 The attenuation ox
amplification of the surface wave is dstarmined by thé imaginary

part of the wave vector Kk,

. €,€,90%
k 2 1°2 Flu,k
4B - - 2 5 © Tk ' ( 2112 )
] [(ey+£,) ¢-¢y )
wvhers .

§ = alaw k)rg ’ (211b ) | )

2.2 i

1+k“r, v {

p2e——mReiBra-g : ( 2118 ) :

. *p v 5 :
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?(w,kf~1, h is the thickness cf the alab, ¢ is the coupling constant,
Ty is the Debye radius, v is the carrier collision [requency, w
is the frequency, 61 and 62 are thp dielectric constants of semi-

conductor asd piezoelectric, Vip and v, 8ro the thermal and drift

volocitios nt tho carriors (assusod non-dogenerate; if dogonorate,
VT~VFAJ§ where Ve is the Fermi velocity), and cg is the velocity
22 the surface wive, ¥From Eqs.-( 211 ), we sec that nmpl;{lcation
occurs if Vg > Cg¢
A thecoretical discussion of amplification of Rayleigh waves by
~

an electron beaxr passing near the surface has been given by Gulyaev

{ 132) ( 132 )

and Zii'berman. Viktorov and Kaliski( 134 ) have

discussod the particular case of CdS§, The effect of a magnetic

o
field has boen treated by Bers and Burkes 135 )

Tho experimental obsorvation of surface wave amplification

was first reported by White and Voltmer( 135 )

and by Vas'kova and
{ 137) :

Viktorov for CdS. The procedure involving a semiconductor

slab adjacent to the piezoolectric has been utilized rccently by

Coilins, Lakin, Quate, and Snaw( 138 )

to study anplification of
surfacoe wzvas on LiNbOs. Tho amplification of Bloustein-Gulyadv
waves propagating in the {110] direction on the (110) surface and ét
Rayleigh waves propagsting in the [110] direction cn the (001)

surface has just been roportod by Ludvik and Quatsg 139)




5. VAN SQUARPE DISPLACEMENTS AND VELOCITIES OF SﬁRfACR ATONS
A. Introduction

The mozan square displacomentg of surface atoms can be studied
exporimontally usiang low-onoxrgy oloctron diffraction (LEED} or the
MYsgbauar effect. Sincoe conly a few radioactive nuclei such as

57 119

Fa and Sn arc suitable for Missbauer investigations, wo shail

devote our prim;ry attention to LZED.

Let us consider the diffraction of lcw-energy elec?yons from a
crysinl. As the temperature of the crystal increases, the increas-
ing vibrational amplitudes of the atoms causs the diffraction spots
to broaden in width snd decrcase in peak intensity. The decrease in

intensity of a Bragg peak is described by the Dobye~Waller factor,

exp [~2M(Lix)], where

ML ~ H(Q - w01y, (212

[ ]
-
~

_ B(ix) is the displacement of atom ix, and Q Is a wave vector to be
'specified. In the kinematic or single scattoring approximation
tha intengity of scottored eloctrons from o crystal witb one aton

por unit coell can bs expressed ns(14° )
1Q-[R(L)-R(L*)]

1=10 2288 a(DaltNe” ~~ ~

LA A

o~

2
- . ) -~ *
p ‘o Q- (u(d) ~ u(zI D%




whore Ic %8 the incident intens.ity, Ty

is the Thomson factor, fo is

the atomic scattering factor, a(i} is a transmission fzctor, and

g @ 5' ~ ¥ with K and 5' the wave vectors of the incident and scat~-

A
~

torad electron. The angular brackets in Eqs. ( 212 ) and { 213 )

denole a thermal everage. The factor involving tho thexmal average

in Eg. ( 213 ) can be rewritten as

(<]

L OSH(L) -H(LY
L ) E:3

= Il + 12 +

II = Iooot?) Zga(‘é)o

I, = 1o 22 BE alalto

2 ¢’ L

<M(L) -MlL")
@ e

Q-

“HOL -HLH ([ u(H IR u(L) )
) e

RO ()2
-6

’

19" [R(D -R(L")]

(12 8(10Q u(L"] )y .

? {1+ ([QuIQuANI) + +»-) (214 )

(as )

(ze )

(217 )

The quantity I1 is ths Lave scattering and 12 is the firsi-ordesr

therzal diffuse scattoring,




From Eg. ( 216 ) wo sce that the moan square displacemont of
an atom in the crystal can be extracted fronm the logarithm of the
peak lateasity of o Lauve scattoring spot. 1If very low eénergy electrons
{typically less than S50 volts) are used, the scattering is mainly from
the surface layer, and the mean squareé displacement then refexrs to
a surface atoam. It is convenisnt to discuss the mean square dise
placement in torms of an effoctive Dabye temporature € which is

dofined by the relation

(?y = 3Pr/are® sem ( 218 )

whero .

¥{x) = Dy(x) + ix . ( 219)

and nl(x) is the Debye function, - . .

b0 -1 [ E& . Caz0y-
lo e ~1

At high temperatures, #(8/T) - 1, and (uz) is proportional to the

texporature T,

The discusaion just given has been based on the kinematic or
single scattering appreximation., Since very low energy electrons
sre strong1§ scattorod by the crystal, one uust consider the offects
of multiple scattering. This has been done by Duke and Laramore(lél )
who show that the lattice vibrations onter the thoory in the form

of a Debys~¥Faller typs factor multiplving the elsctron-ion core

scattering amplitude. The maltipls scattering leads o preducts of

v otea

.oy
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Deobye~W¥aller type factors, so the peak intensity may decay more
rapidly with increcasing temperatﬁre than would occur for singie
scattering. The extraction of the mean square diéplacements o?f
5ur§ace atoms Irom LEED data i3 a complicated problem when multiple

scattoring is significant, . )

An sttompt to assess the importance of pultiple scattering
8
effects on the extraction of suriaice Debye tempuratures from LEED
dota has very recently been initiated by Jepsen, Marcus, and

(142) They considor the {111) surface of silver 5nd“calcu~

Jons,
1zto the LEED spectra for a given value of 8 from dynamical theory
and then evaluate the results using kinematic theory te re~extract
the value ot.e. The procedure yields values close to the surface
Debtye teq?g?aturé for electron energies around 40 - 5¢ eV and
values ciose to the bulk Debye temperaturs for energles above

140 e¥. Below 40 ¢V, the values of 8.turn upward and become .

larger than the surface Debye temperature by 10 to 15 percent.

¥e now discuss a numbor of exporimeptal rosults which have bkoen
snalyzed using kinematic thgory. The surface Debye temperatures so
obtained must be treated vith some reservation unt¢il the role o2

multiple scattering effects is fully clarifiad,




B. Exporimental Results
Exnerimental observations of surface atom mean square dis-
(143 )

placements were first made by Zamsha and Kalashnikov on

silver. Subsequent work was carried out by Menzel~-Kopp and Menzel( 144)

(145 on nickel surfacces.

on copper surfaces and by MacRae and Germer
These early investigations domonstrated that surface atoms typically
have larger mean square displacements than bulk atoms, The cffective
Dobye temperature for surface atoms is therefore smaller than that
for bulk atoms.

The availability of commercial LEED apparatus during the last
decade has stimulated considorable work on suréace ch§o~Waller .
factors., Of particular interest is the investigation of various

surfaces of nickel by MncRae(145 Y

which rovealed that tho mean
square displacement of a surface atom in a2 cubic c{ystal is aniso-
tropic even though symmotry requires that tho bulk atom mean sguare
displacement be isotropic. MacRae's data ave shown in Fig. 32

for the (110) surface. The gffactiye Debye tomperatures were found
to bo 220%K for the {11¢] direction (perpendicular to the surface)
and 330°K and 220°K in the [110] and [001] directions, xespectivoly
{both parallel to the surface). All three surface Debyc témper-
atures are less than the bulk value of 350%.

Additional experimental results are available ftor other f.c.c.
moetals at roon temperature an above. Jones, dcKinney, and ﬂebb(l47 )
studied the (111) surface of silver and found approximate isotropy
of the surface mean square displacexments, This may be compered
vith tho early results of Zawsua and Kalashnikov(l43 ) for the (001)

surfaco who found a strong anisotrdpy with the tangentiasl mean

LS
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square displacement larger tisan the normal component. Additional
(148)

« investigations of gilver kave been reported by Corotte,
Ducros, and Macall for the (111) surfzce and by Rovida, Torrini,

. and Zanazzi for the (001) and (111) surfaces. The latter workers

found a parallel mean square displacement at the (1l11) surface

% $a favy 2,
R
RS
T

which 1s nearly equal tco the perpendicular mean square displace-

2B

*»

ment. Normal components of surface mean square displacements

e
P

SEEE

have been measured for various surfaces of platinum by Lyon and

@%? Sogorjai(149’ and for palladium and lead by Goodman, Farrell and
e
ELZ Somorjai.(zso) Some additional work on nickel has been reported

by Andersson and Kasemo.(lsl) Coppex has been 1aveatigatea by
Woodruff and Seah(152) and by Reid(lsa) and iridium by Goodman.(154)
Both Woodruff and Seah and Reid discusg difficulties in obtaining
surface maan.squqre displacemonts froum LEED data. A summary of

LT Sy

surface Dobye temperatures for fcc metgls is given in Table 1.
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Table 1. Surface Debye temperatures (rormal component

of displacement) for fcc metals,

Notal Surface ?S(OK) eB(OK) Referance
N1 (110 220 390 146
N4 {001) 280 415 151
Ag BT EY) 155 225 147.
ag (un 145 225 148
" cu (111) 244 334 ‘152
Cu {001) 230 334 153
Pb (1113 44 50 150

. Pb (110) 25 80 154
Pt 061) 118 234 149

Pt {110) 167 234 149

Pt (Q11) 111 234 149
rd' . {oo1) 181 274 150G
: Pa (111) 145 274 150

Ir * {Go1) 218 a85 " 154
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Sonewhat less axverimental -data is available onh bec meials

(155) and Baudoing(ISb)hnve studied the (110) su .ce

Aldag and Stern
of tungsten while Estrupa57)has gtudied the (001} surface. The
{001) surface has been investigated Ior niobium h} Tabor and
Wllsanus8 ) and for chromium and molybtdenum by Tabor, Wilson, and
antow.(ls9 ) The forugoing work is restricted to roocm temperature
and above. Kaplan and Somorjai(ls0 ) have mado the first finvestiga-
tion of surface Debye-~¥aller factors at low temperatures. The case
considered was the {110) surface of chromium at temperatures down

to 1005x. More detailed discussion of this work will be sivsn later,
A synmary of surface Debye tomperatures for bec wetals is éivaa in
Table 2.

Table 2. Surface Debye temperatgrea (normal component

* of Cisplacement) for bec metsals.

:etgi‘-n Surfacs es(oxl SS(OK) Reference
¥ {110) 202 | 288 1§5,156 .,
4 {001) 183 280 157
Rb {001} 106 . 281 158
Cr {601) 175 d 440 158
cr {110) 333 450 150
Ko (o01) 239 380° 159

Relatively little experimental work on surfosce Debye-Waller
fectors has been curried cut for imsulating eryztsls, Howaver, an

interosting investigation has xeceatly besa rsported on sclid xenon

(161)

by Ignatjevs at al. who found that tho low enexrgy eiectron

»

scattering frod this naterial is essegxiaily kinematic, The oxpori-~

pental valuss of the surface chya»yé;}er 2actor sgreo quito well

-
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- Iractior is propertional o the Dobyo-¥Willer Zacter znd is conso-
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with theorotical valuos ¢plouiated for fio crystals by ¥allils

1162 ) 2 Ses
i (25 ). Semiconduetors have

163 3

et al. anrd by Allen ang fefotte

bzen investigated by NesterwnRo, Borodkin, and Snitkc<

whe found surfnce»tb-bal& zean sanafe Qisgkacemeni ratios (wormal

comporients) of 1.5 for Gaas (319} and 2.2 for silicom (331)~7.
The seninetal graphite Xus been iavestigatsd by Albinet,

(164>§ﬁo obtiined & surisce Dobye temperature

Bibeorisn, end Blen?ait
ot 690°Kffor the £60.1} surface., This ig to bo compored with the
bulk value o 806°K. & model calculatics gave 2 walue for es 6L
720-730°K.

An alvernsiive wa of ok¥taining information about the mean
squa}e displaeenéhta of surfzce aloms is througﬁ measuréments of .

tho recoilless® Lracticn in {ha UUmsbaver effeeci, The recoilless

quently températara dependant, Ordinarily, the rad}cactivo Aucleus
iz an iapwrity, Dut fov a fes m;téﬁisls such &s irox ang Lin, ona

asn got information about the host crystal atoms. ansultis have .
hgan rgported iz 57?@ on vnr}ous surfazes. ﬁllen(les ) 2ouni »
Iarger ée;n square displacOnent fér S??e at the (W00} zng (211)

surfaces 27 silicua than in the Hulk, Qualitativbiy similar ro-
‘sults ware ohiained by Burtca and Go&win‘lss ? for 57?e on poly=
crystaliiﬂa'tungsten.— The latler worgers, howevsy, found the .

orposite offcet forr 57?@ on the (100) surfacs o§:silver. This ro~

o,y

sult i3 in interssting gopirzst to the LEED results ¢f Zsmsha and

Xaanhnikov(143 ) anz Jones et al.(147 y tor pire silvar surfaces,

i

Anisotropy in tae nean square disﬁlacecegts h35<beeé observed

{167 )

by ¥Flina, Buby, and ¥ehl #ho found the morzal componont to

te larper iaan the pazsllsl component for 57pe on siumina. Dirton

4 chwialééeg o tho otuer hang,'ioundftho prrailel compunent
o be 13:3§f then vhe nossial compament £or ©1Fo ob polycryetaliing

I~ .- > - - y
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"
07?0 atoms lie abovo

tungsion, ‘A possible pxplnnntion is that the

tho sdrfsce layor rathor than in £t, but furthor oxporimental and

theoretical work is required to clsrify this situation. It i3 clear
that a major problem in using the MUsabauer effect to study surfaces

is the lack of precise information as to the location of the radis-
active nucleus relative to the surface layer.

€. Theoretical Rasulte
Qualitatively, one can visualize several effects arising fron
a frec surface, The mean aqfare displa;ement of an atox is deter-

mined by tre interatomic forces acting upon it. A surfaco atom

is acted upon by fower neighbors than an interior atom, so this

in Lteolf will generally cnuse the mean square displacement to ke,

-

larger for the surface atoa. %urthermoro, the interatomic forces

aay have ditferent coupling constants gt the surface than in the

bulk. The environnent of a surface atém has difforent syammairy

than that of an intarior atom, and thii may load Yo sn anisotropy

of tho mean zquare displacemeants at thé surface evon in cudic

cryatals, .
To ealeulate the =mosn sqUETS disp;ncements we assume initislly

that & Gisplacsnent components satiafy harmonic equations of

.
*

&crion

w 53 L (Lx) - E {221)

ix'p
whero na(£;3 is tho w-th Cartesian componont ol displacemcnt of the
¢ .

as(ﬁx:yx*)us(y?’}

X~ atom i the {~th unit coll, m_1s the msss of tho x-th kind of

#%0n and the §c3(é;;£’x'§ are the harqgnic coupling coefficionts.

Rsking the trensformation CLt :
V(g0 = n b (40, (223 )

wa find

e, (o ’f@ 1% D4 %2n; """_}73 }éxf) *

LY

av mma b
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where the Dq (4x;4'x') are the olemonts of the dynamical matrix

B
doZined by

)~ b (lrst'n') . (224)

Depltxit'a’) = (=,

Tbo presence of the fres surface is reflected in the values of
appropriate elemonts of eithor the coupling~constant natriz_or the
dynamical matrix.

Tha dynzmicsl uﬁtrix can be diagonalized by means of the nor-=
ral coordinate transformation

: Yol = D 0y, (100G, (225 )

¥here epa(ﬁx) is.ixc-th conponent of the oigenvector of the dynac—~

ical matyix for the p-th normal cods and Qp is the normal coordinato

b x

for that mode., Then . - .

o 20y = /) 5 lopgtixi™ (lap1% L. 228y

where we have used the fsct that
= - 2
(QRy> = K1 1™) o5 . (227)
Now frea the qQuantum statistical mechanics of a3 hermonic oscillator,

‘ (el = &y fa . (az)

. whexo @ is the frequency of normal mode p and E(wp) is the mean

enexrgy of the mode given by
’. - a
’ .(mp) impcott:(?mplzka‘l‘{ . (229)

The mean square displacement component can now be written as

»

(Wi - G/m) lopglt) 1o A t230)

Alternativoly, using & well-known thocreaz of aatriccs(Iéc)'xnd Eq.
{220 ) vwe can rewrite Eq. {230 ) diiectly ip terxs of the dynsuical

ecsWinbid

R4
ket
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of the atomic mass &t high temperatures and varies as m'& u; low
_temporatures.

In metual calculations, it is _convpnient to introduce periodic
bourdafry copditions in the two directions (say, the 1 and 2 direc;.
ions) purallel to the surface and an asscciasted two-dimensional

vave veotor g & (ql,qz). The eigenvec&ors then have the form

. AMay4y+a,L,)
248 o nde X
9? AS2Y o & cJE (‘3§’qlq2) (233)

=4

o))
Vi

SR

3 b

¢an bo Gudvurad whane & wsments are specified by

] t
. 309, (4y72) 405 (Lp=20) ]
Ina;35)3 = T D xit'x"de R A
Ignesdg'x'8  yely : (238)

The alternative exprassions for (ug(ﬁz}) ¢an now bo rowritten as.
4

('uft,g:d) - (1/a. X)) g? ladauax;g)'!z X Efm(gj]/wz(gj) (225 )

and :

(29 ~ th/za 5 T [0 Hgycotninnd (@) /21703 + (238)
3 : bgrasigra

whorg £, L% the suxno o7 unit cells dp & surface layoer and j iden-

111,
matrix
2 - -4 3 .
(u (L)) = (n/22 (D, coth(n_o /2kgT) ] o (231)
At high snd low tamperntu;'ea, we have the limiting results
2 -1
(u (4x)) » {kgT/a )[D 7] Lo, e ! T > 8, (232q)
(62(1x) ) w (n/2n )[n"?" 7 - 0% (232b )
a XX » Jﬁxa.gm ! '

For a monatomic crystal, the mean square displacement is independent

Yif1ey fhd moxrel ~hdes Ior given 9;:95: A reduced dynanicel matrix

r—
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. Knlashnikov(leg) who used the Debye isotropic continuum model.

Coly,

If L is the number of layers in the crystal, the size of the reduced

dynamical matrix is 2rL x 3rL where r is the number of atoms per
unit cell, whercas ihe original dynamical matrix is 3rLNS X SrLRS.
For a crystal 20 atomic layers on each edge, the rcduced dynamical

mareix is smrller by a factor of 400 than ths unreduced dynamical

matrix. Ons can save considerable computer time by working with
the reduced matrix, P

We now discuss specific calculations. An early theoretical

discussion of surface mean square displacenments was given by

He fcund an anisofiropy of the surface mean square displacements
in qualitative agrecamt with the exparinental resulis of Zaasha
and Kalnshnikov(143) on silver, Receantly, Dennis and Hubor(17°)

have given theorotical oxpressions based op the continuum model.

The first lattice~dynenmical calculation was reéorted'ﬁy Ricb(171)
who used a nearost-naighbor model to study tho (001) surface of o
simplo cubic lattice and found a 10-30% large? pean square displace-
nent for.a surface atom than fov nn.interior atom over a temperature.
The anisotropy of the mean square displacement at the surface was
not re;ealed by Rich's calculation because of the special character
of his modsl, #Additional calculations based on a noarest-neighbor ‘
model have boan carried out by Coreisvei and coworkers$173) by

(173) and by Kotheri and Singal.( 174 ) The latter suthors

considercd finite microorystaliites and caleulated the mean

square displacemonts for ptoms on surfaces, edges, and corners. -
Az one night surni§e, the Eean sqdﬁre displacements increzse
successivoly froz surface to edgo to corner. A related pro?lou-

the meun sqQuare displacensnts of atous on steps oa surfaces -




has boen attacked by Masri, Allan, and Dobrzynski(114 )for

a {100} step on a (G01) surface of n simple ‘cubic crystal using
the Rosenstock-Nowell model, Théy find tbat the ratio of mesn
square displacements for an atom on the stop edgd'and an atox
on the flat surface is ~ 1,3 at temparatures comparable to the

Dabye teaperature,

Maradudin and Melngeil1s$*™® have studied tho (001) surface '
of n simple cubic lattice with nearest- and mext-nearest neighbor
central forces which is isotropic in ths long wavelength limit,
Their proqeduro i¢ based on the Green’s function forzalisa of
Saction 3 .p viicu the surface i85 (reatod zs a perturbation on an
¢ hetrise perfect periodic crystal, The mean squars displacenont
component of an atom at lattlice site % (only one atom yor unit coll
is assuﬁed) is given by :
(w3(D)) ~ ~(xgT/Na) Z B oo, 'in x ;

. 1(k+k') -x(fjng’; (kj k j!. ) (237 ) .

where u(k] k"' i~02) is given by Eq. (206) and wy = (R T/h)
with n an integer. In the high temperature limit, Eqg, (237) re~

duces to

(W3 = Gegt/m) o, (k3o (k13%) x

we
13y

lj'
. 1(k+k')'X(L) alk+k' )8 t(ky,k*3':0)
<o L3 {a .__.i._._.i.f. _33‘_1_'.:..2__....... £ By
w (icd) ®°" (ki)w (x'3°?
whore t{kj,k'3';0) is given vy Zq. (158) with o - 6. Using '
Eq. {238 ), Maradudin snd Nelngailis have evalustod the mean square

. .
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displacenents for their model numertically

tion to the features found by Rich,

B e (LR S

on a computer.

{173) their results indicate

that at the surface the Debye-Waller factor ;s anisotropic with

the componznt of mean square displacement perpendicular to the

surface significantly larger than the parallel component.

In addi~

The mean

square displacements approach the bulk value very closely at five

_or so atoric layers from tho surface.

Calculations based on the high temperature 1imit of Egs.
and { 238) have been carried out by Clark, Herman, and Wallis
for a méarest-neighbor central-force model of a face centered cubic

lattice. The (001), (110), and (111) surfaces were studled.

it

wag found that the normal component of mean square dispglacement

is about double the bdulk value for all three surfaces. The {110)

surfacg roveals an anisotropy in the fangential compsnents not

found in the other surfaves. This anisotropy together with the

rapid fall off of the mean sqQuare displacement with increasing

distence from the surface are illustrated in Fig. 13,

The

results for this surfsce are summarized in Table 3 and coapared

with tho experimental results bt uacRae( 146 for nickel.

Table 3.

Theoretical and axperimental nean square
displacoment components {relative units)
for atoms at a (110) surface and in the

bulk of a fec crystal.

{1203 [1T0) ([e01] Bulk
Theoretical 0.80. 0.64 0.86 0.4?
Experinantal 1.41 0.63 1.41  0.45

The sgreement borween theory and é&perimsnt is qualitatively satis-

(235 )
(176 )

factory, but quantitatively leavos somethiug te de desired, Since

X
f
&
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the ﬁearost-nelghbor model gives a roasonable fit {o the phonoa

+ dispersion éurves, the discrepancy probably lies clsewhere. One
possibility is multiple scuttoriné effects. Another is that the
foxce censtan%s at the surface are different from those in the
bulk. This possibility has been lnvestigated by ¥allis, Clark,
and Herman( 177} who found that agreement of theory with MacRae's

data can be significantly improved by changing .ke surface torce

constnnts‘on the order of 50 per cent. Further work is requ}red,
however, to establish whether snéh changes are meaningful. As
mentioned in Sec, 2, , Clark et 51(32 ) have calculatea changes
of 25-30 éer cent in the surface force constants for a mecdol of
iron (becc lattice) with nearest and next-nearest neighbor Lennards
Jones interactions, go relatively large Qhanges at the gurface do
sega possible. .
Recently, Ro?ida. Torrini, and Zannzzi(l?g) have used &
Mcrse interactica potential to investigate the {(210) surface of

nickel. They allow for surface relaxation and thus taks into

account forcé constant changes near tbg surfece. Taking into

acceunt surface relaxation leads to siguificant improvement in
the agreement between the calculated mean square displocaewents

aad the experiuental results of MacHae,

RtV TP

At temperatures sufficjently small compared to the Debye

temperature, the mean square dispiacement of ap etom should ex-

LR

hibit quantum nechanical zerc-point motien effects. This behavier
has been revealad in calculations by Wﬁllis ot 31(182) based on
. Egs. (235) and (238 ) for the (110) surface of a face-centered

cubic lattice with nearest-nsighbor central forces. Additicnal o

2 P2 BN 2 S
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calculations of the temperature dependeace of the «2an square dis-
placenents for a <ace-centored cubic lattice have been carried put
, by Allea and De\‘:'ette(25 ? Who treated the (100), (110), amd (111)
gurfaces using a modol involving Lennard~Jones intcracticns be-
tween 211 pairs of atoms. 'In & subsequent puper, these ?uthorélpa)

point out that the ratio of surface to bulk mean squaro displace-

ments is a nearly universal functlon of T/GD. Theiyr results are
"show1 in Fig. l4. The larger value of this ratio at the ligher :

temperatures may be attributed to either the heavier weighting of

surface wodes at high temperatures than low temporatiures or to the

earlier onset of zero-point motion in the bulk than at the sur-

face as the temperature is decreased.

In the work just mentioned, some account of anharmonic effects

was included through the use of the évasiharmdﬁic'approximntion.

These effects tend to increase the surface-to~bulk ratio through

decreases in the surface force congtants. A more complete treat-

mant of snnnrmonic effects is contained in the moleculap Qynémics
(180)

calculation of &llen, De¥ette, and Rahman

. . P

equations of motion on a computer for atoms imteractlng with a

who solved the

- Merny.

Lennard~Jones potential inm a fec lattice with (1060}, (110), or

WP - s

{111) surfaces, The surface msan square displacaements at hal?f

P TN,

the melting termporature were found o be 10-20 per cent larger

c vemgw ¥

thra those caleculated using lattics dynamics.

L L

The calculations dosq;ibed 50 far have eithor been restricted

to aearest-neighbor interactions (Rich(171)) or bave involved

cantral forces so that Cauchy's relation on the olastic constanis

: 012 » 044, b.ids, A poro goneral nodel conaisting of uearsst and

ve -
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next:nearest neighbor central forces plus anéle—bending 1ntoréc~
- tiong involving pairs of nearest neightors has beeon employed by
¥Wallis, Clark, and Herman(lsl ) éo the 4001) surface of a fcc
lattice in the bigh to peraturs limit, %he torce.constants can
be chosen to give an exact fit to the elastic constants for 2
given fcc matexial, and Cﬁuchy'é relation need not be obeoyed.
The results for the ratio of surface-to-bulk mean square displace- !

ments are remarkably independent ¢. the wmaterial for the norpal

conponent, ranging ohly botweon 2,01 and 2,03 for Al, Pb, Pt, P4,

%* Ag, Au, Cu, and Ki. The ratio for the parallel componont shows

' - s - -— . . . -

¥2 -

éi zore variation, ranging from 1.21 for Au to 1.51 for Ni, The Teo- *
2; - sults for the normzl compoment ratic are. in reasonable agreement

i? with experiment (cf. Table 1 ) for the {001) surface of. Cu and ]
?’ N1, but are only about one-half the experimental values for Pt . ge ¥

and Pd. The latter discrepancy may indicate weak binding o the

surface transformations can take place in Pt( 148) and Pd(lso ).

A model similar to that described siove but including third

neighbor central forces has been used by Wallis ang Cheng( 1823 :

- 5y to calculate the temperature dependence of the mean square dis-
3 placezents of atems on the (001) and (110) surfaces of chromium, i

The result for the surface-to~bulk ratio of the normal components

y
&A1 %

at the (110) surface 45 in qualitative agroement with the experi-

60)
]

mental results of Xaplan and Somorjni( 1 but gquantitative

S & agroegont will require “inclusion of sultiple scattoring effects
or tomperasure-dependont changes in thé surface force constants. .

P The result for the ratic at the (001) éurface in the high tespera=-

-

ture rogine is significantly less thagitﬁat foung axpsrimentally
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by Tabor, Wilson, and Basio.v.< 159) Morc work is required, both

oxperimentally and theoretically, on this problem.

An interesting approximate procedure for calculating mean

square displuacements has been proposed by Masri and Dobrzynski.uss)

The dynamical matyix D can be written 2s the sum of the diagonal

: part 5 ard the off~diagonal part g:

D=d+R @39 )

o~ ~

if Eq. (239) is substitutod into Eq. ( 231) and the result ex-

panded in a matrix power series in g, the resuit for the fix'si fow

texms ia the e gimsion of the mean square displacement s .

. Ee0) » (vzm ) | a7 cowm o N
-‘L_xcx,ﬁxa .
. 5 i o
3 72 . - -
+ 3R 34 2 coth a +% (r/xgT)d 2 siun"%y 4
. 4Ra 4 xe ~ ~ ~
3 0
+-§(h/k5T)2 g-i coth 5.sinh"2ﬁ + oeee
Lua,ixe T 1(240 )

vhers £ f:gﬁ./ZkB'r. Since it is very easy to calculate the sQuare

root znd other functions of a diagonal matrix and since only non~

negative integer pozers of the non-diagonal matrix 5 are required,

the right-band side of Eq. ( 240) is readily evaluated., Masri

and Dobrzynski trsated the (001) surfice of a simple cuble lattice

vsing Rich's mde].( 171) and obtained resuits acourate tc about 20

pexr cent., In hig thesis, lfasri( 184) has emplcyed this procedurs

. to calculate the mean square displacements as functions of tempera-

turs for atoms on various surfaces of a nunber of face~anontered and

-+

-
PN U
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« body~centered cubic metals. This work has rocently appearod in

L€ 185)

papers by Masri and Dobrzynsk cn the face-~centered casse

and by Dobrzynski and Mnuri( 188 7 op the bady~centored caso.,
The procedure has algo been applied by Thesten and,Dobrzynski( 187 )
to thse calculation of mean square displacements nf atomg on the

{100) and (111) surfaces of dinmond, silicon, ancd germaniuam,

The eZfect of removing rotatiomal invariance from ths force-
constant model has been studled by Musser® 388) for the (001) sur
face of 8 icc crystal, The non~rotatiopally invariant pon~central
forces were wsed. Rotational invariance was then imposed
by mpdiiying the surface force constants using the procedure of

ludwig and Lengoler.(42 ) Musser found that the am~rotztionzlly

invaxriaut model gives larger mean square displacemants thin ihe
rotavionally invariant model. For the perpendicular component of
Pd, the increase is rather sizeable, ~3%%, while for Ni, it is
ruch less, ~65., Musser explolited mntr%x partitioning methods tc,
rgduce the gize of the matrices to be %nverted.

Theoretical studies of mesn squary displacenents of adsorbed
atows have been carried out by several yorkors. Dlouhaclsg) has
utilized the Rosenstock-Newsll®4Mmodal to study thin films on the
(100) surface of s simplowcubic lattice. Allen, Alldrodzo, and
Ve wbtta(lls) have employed the Lennard-Jones interaction %o study
the (100), (310}, and (111) surisces of 3 monatomic faco~centerzd
cubic crystal. Relesxation of the atoms near tho surface ¥z3 trken
intc account, They find that the mean BEquaro displzcement of the
adsorbate stom ie enhancsed or degresse%faecording to whether the

- o e«

adsorbate stomic zass iz smeller or larger tham tho substrats- .
3 :

~ >

. .

2 wmvam
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atomic mass, respectively, Tho effect increascs as the temperature

is lowered.

(190) have studied

Recently, Theeten, Dobrzynski, and Domange
the {001) surface of Ni with a (2xg) adsorbed layexr where the
absorbed atoms are S, Na, Cs, or 0. They calculated the mean
square displacements parallel and perpendicular to the surface
for the adsorbed atoms and compared the results with experimental
data. They find that the adatom particularly affects the "extra
spots"~=-e.g., {3%)--but not the ordinary spots. For S on Ni (001)
Theeten et 51. conclude that the Ni-S force constant isllarger

than the Ni-Ni nearest neighbor force constanut.

The theoretical work discussed so far has been restricted

to non-ionic crystals, Recently, Chen, Alldredge, Do Wotte, and

Allen( 191 have reported calculations for the (100) surface of

NaCl using the rigid ion model. Interplanar relaxation neer the
su{face vas sllowed, but was assumed to be the same for cations
snd anions, The dopendences of the ;qav square displacements on
‘distance from the sucface and on temperature are qualitatively

the same for zations and snions and alsc the same os f&r non;ionic
erystals, Ho;ever, the nagnitudes of the surface-to-bulk mean
gquare displaco@ent ratios are about 20 peor cent smaller shab

for non~-ionic msterials.

“
ke a2l

Y



. 121,

. v

D. Mean Square Velocitios of Surfacoe Atoms

. Closely related to woan square displecoponts aro moan syuars
velocities. The mpean square velocity of an atom is in principle
maasurable through the second order Doppler shif@(igz) in the

Ubsshauor effect. The energy B of the emitted gamwa ray is shifted

5 2 %,
PR -

by an smount 4E given by

AE = s((ﬁ""}/zéz) (241,

whare (az) is tho mean square velocity of the emitting nucleus.

By experimentally measuring both R and 4E, one can obizin an expori-

montal “alue for (ﬁz). Such measurements can be used to obtain

information adbout the coupling constants between the active atom and

3‘;5”£ - E; g its neighborslsa ) The procedurs has the significant limitation that it
: ' %, is.restricted to suitable radioactive stoms such as 57?9 and IIQSD. .
3 zg 1 . Theoratical expressioans for the me;n square velcoecity can be
: %? ; obtained in a fashion similar te *that for the mean square dis-
Zl % Plocement., Ie s aormal mode of vibratica of frugueney wp, the
z volocity =nd displacement components of atom {x arn rolated by the
- ? egquation
: C R LI P S N (242 )

AL

Consaquently, the expression for (aﬁ;&x)) aralogous to Bq. { 339 ).

o takon the form 4

S

B 2 , - )
. , (34403 = (dm) 2;: lo g (20012 Gy {243 )
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Transtorming this oquatior using the thoory ot matricos, we obtain

. (244 )

2 - &5 CREl % é
(3 Q0 ) = (h/2m,; 0% coxh(nD*/2kgT)], L

4

Equations anslogous to Egs. { 235) and (238‘ } follow Jrom the saze

..

approzeh.

It is instructive to considor the expansion of Eg. (244 )

approprisato to high temporatures:

a ) .
2 . Y _‘E}: - __h.,___, T L
(&g(ﬁx’) b 8 + 123 kT LDJan,Lxu * (245 )

Yo ncte'that in the extreme high temperature limit, the mean sguare
velocity has the eguipartition valua g?/mx which is independent o;

the position of the atom relative to the surface. Ths correction

term in 1/T 1s proportional to the dyntmical nmatrix B, sq equri«
mentsl neasurement of this term‘will give the fbrce'constants at .-
the surface directly: The primary obstacle is the oxireqn difficulty
of making such experimental measuranents “-r surface ntoms.(lea' %?4)'
At low temperatures, the expansion of tne men square voleciiy starts

as

(02020 ) ~ (n/2a ) (0% g T (246 )

The zoro~point velocity consequently will depend on tho prezimity

s
an

of the atom %o the surfuace through tde Di factor in Eq. {248).

=,
N
R

he sSituation 4s illustrated 4in Fig. 15 <for s one-dizenasionsl

zonstozie lattico with fros ands.(195 ) qpg soan square velocity

Ay

is smalier for the and atome than for the intorior stoms s &

.
«

\

Almrbandes s, b0t Y

consegueoncs of the sualler number o? interactiors javolving the and

2tens comparod to intorior atous.

Ed
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B ¥
. *Marsdudin and Molngnilxu(175 Y kavo dovelopod oxprossions

for the neon g£quare veloéity of s surface atom in a Bravais lattice

using a Greeon's function approach; Tho result La

' %)) = (T T D ek -e(k's) x
~ k3 k'3

10k x(D) @

Be w(EDulx’3Ve T owld,i gD
£ . nm-e
2 y {247 )

it
&3,

whoro u(id, k'S i-w?) is given by ¥R. (206 ) with u = (ZnkyT/n)
arnd n an integer. High temperature ﬂwpaﬁéions such as Eg¢. '( 245 )
can bo derived from Eq. (247).
Detailed calculations of mean equare velocities for atoms ud
a (1&5} surface of a fcc crystal have y;on carriod out by Wallis
et al(lszw-l-usiné a nesrast neighbor central forev model.
Anisotropy\abéws up onlyfzt low tenperatures,-sinco sach componegnt
has the ezuipartition value kT/a at higy tenperatures, The smalxbr
nuzber of bonds which connect a surface atom to its neighbors than
connect a bulk atom with its neighbors leads to & smaller n§an
sguary voelecity for ?ha surface atgm a§ l;w temperatures, )

Yory low exporiéantal invastigatigps of the second~order
Doppler shift for surfaco atoms have B%gn made, Allen( 165 )
studied the temperature dependenge of fhis shift for 57?6 nuclod
both in the buik‘and on the (100) andg élll) surfuces of silicon X
and found that 2 surface mean squar2 vglccity ;éughly five por cent

. 1oss than in th? kulk., Similar qualttét%ve xesults have besn obe -
tained by Burtont 188 3 gor 5724 on tuggsten and by Goawint3%% 2

tor 377y on silver,
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&. INELASTIC SCATTERING FRUM CRYSTAL SURFACES

A. Introduction

A vory attractive method for detormining surfaco ghonon enexrgios
4§ tho inolastic scattering of particles such as electrons or helium
atoms from crystal surfaces. Helium atoms would be particularly suit-
able, sinco thoy ure strongly scattored by tho surface and ginco

thoir energy is on the order of millivolts - i.e., in the range of

phonon cnergies ~ when their DaBroglie wave length is on the order

of a typical lattice spacing. Unfortunately, the axperimental diffi-

culties are rathor severe. Neutrons are of little use because they

ponotrate deoply .into the crystal, Electrons do not have tho favor-
able energy - DeBroglie wave length relationship of helium atoms but

are experimentally more tractable, and some sSuccess has been achioved

';ﬂ{' ? © by their use.
B.

.

Theoret{éal Dovelopuant

Tormal treatments of the inelastic scattering of ﬁ%gtibles £yronm

erystal surfzces have besan given by Cabrera, Celll, and uanson,(197)

Cabrera: Cellli, Goodrmaan, and.aansonglgs), Goodmnn,(lgg) Roundy and
“1118(200 } Lucas and §hnj££,(201 ), and Evans and 5!1113.(202 )
Cabron ot al(lg? ? esployed the T-matrix fermalisa to derive ap ex-
pression for tho one~phonon raflection coefficient which w;s then
evniuato&(lgs ? using 3 Morsz interaction potential. Specific '
calculations wore made for the cases of halium incident normally oxn
s11120n$ 298 ) ang on 1454 %°% ) with the atd of 2 Debyo continuun
zodol for the- lattico vibrations. The Gifforontial rellectioa co~
efficient ng o funcsion of emiasion angle exhidbits a continuous
varistion.up to a cut-ol? angle sad then a/;altaviunction peak split

-

. -

.
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. orf'bx a finite gap. The continuous part is assoclated with the
crecation of bulk and mixed phonons, while the delta-function is

-

s associated with tho creation of surface phonons (Rayleigh waves).

\
These calculations have boen extended by Gnodman( 205 )

to
. the case of He atoms incidont om silver. The rosults are found to
bé in reasonablo agreemont with oxperimontal data of Subbsrac snd .
Millor.( 206 ) One~phonon inolastic acattering has boen observed
by Fishor and Elcdsoe( 207 ) for the He atomg incident on the (001)
surface of LiF. It should be mentioned that therc is -an axtéhsivo
_itarature on the scattering of atoms from solid surfaces which L
v has been i1aviewed recently by Goodm;n.( 208 ) Additional references
includg the work of Chambers and Kinzer-(zo9 ) and of Trilling(219 )
who trsat tho solid as = semi-infinite elastic continuun. Tke dis~
crote atomic character of tho solid has bsen takon into account by -
Arﬁnnd( 21y and ‘by Beedby and Dobrzynski.(zlz )

( 200 3

Roundy and Jills have developed a Green's Zfunction theoury

of ono~phonon inelastic scattering ot low-energy electrons from .
crystal surfaces wher; the electron interacts with the atoms of the
erystal through short rangs forces. The interaction potentisl enorgy
ol the clectron with the atom st tha position R(L) may ba expanded

in the foram

1q+ (x-R(£))
¥V, -2 =~/ 8 %, (QQa~ ~~~ ( 248 )
bz~ ~ q L

whoro it is assumed that the surface is in the Xy plazne, the sub-

script Lé'takas inte account that the potential for z2n atom near

tho surface usy bo diffsrent than }or an atom in the bnlk,.and f

iz a quantization velume. Tha incident and scattered electrons hsve

enexrgies 80 and Zs and wave 1unctions,y° and *u whick can be written ‘

ia the foras
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1?55( °) 2% (o), (0) )
30(,5“ 12, "€ Y (.553 :CO;EE 12} {248z )

e oz
¥5(x,2) = ©

ulsy (5 giE, 1P (2485 )
. where r is the two-dimensional position vector parallel to the
surface, k(o) and k(s)- are two~dimensional wave vectors parallel
~q ~%
to the surface for ths incident and scattered electron, and the.
functicns 0(1) (§§” '&i;fﬁ""‘) are psriodic in ry. Outside the

* ¢rystal, Roundy and Kills write \'15(55,:5) in the fora

(s) ’
i{k + gpyere ik {gcd)z
< TR Re M a(x{® g0

VYo(xy,2) = ﬂ"*% e
s . (249 )

whore &(k{s) +gu) 15 a Fourier emplitude, k, (gg) ~ (Zme - .(Eﬁhgg)zia.

and By is a two-dimousional rociprocal lattice vector associated

with the surface.
In order to describe the phononé emitted or absorbed in tha

scattering process, it is counvenient to introduce the normal co~-

ordinate transformation
~ )

{’ - & ) . + :
u(s) Z;.;" (h/%p) 59(3) (ap P ap} ¢ 25¢ )

where 5(;9 is tho displacement of the aton at gite 4 frozm equilibrius,

wy and 5p(9 are the frequency and oigenvector for tho pth

nedo of tho erystal with the free suriface, ap ana a; are the phonon

annihilation and creation operators, and ¥ {s the atomic =mxss, The

normal

translationsl pario&icity parallsl to tho surfazce can be oxi)loitezi oy
writing -
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28,0 = (/M2 g kit )o (251 O
and |
Wy ™ wj(gg) . (252 )

whore Ns is the numbexr of atoms in the surfacr layer and j specifies
the normzl modes for given value of the wave §ector Xy pazallex to
the surface. The sum over p in 2¢. (250 ) now becones a surm OVar
gn and j. Ono effect of the thermal vibrations is to ranormﬁiize

tne interaction potential throu - b & Debye-Waller factor

bard Y N 2

vy zis) =V {(Qezpl-3({g° ) )y (253 )
whaero ("")T denotes a thermnl average ovar a canonical ensenble,
The geattaring cross section involves an electrouic mairix
element. 4 convenient messure.of this natrix element is provided

by the quantity .

{8} , ., (c} - ~ =iy
mLz(Ej )'-’wsn.}sﬂ cao) (ixsln)qzj_: V&z(ﬁ)o o X

. F0

X dry j dz U(S) (kg(S) g0 »2) X
~ At |
cell ]
R TR )

x = Z w2 im0 : (254 )

whera Gy is & two-dinensional rociprocal lattice veortor that places
1% - g, + G, in the tirst Brillouin zome, X is definod by its
components Ky - 59 - g§s} + Gy, K = q,, and the rasge of integration

.

aver z signifiss that the orystal lies in the region z < 0,

-

-

#t
&
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Let us restrict our attention to phonon emission. The equations

of conservation of epergy and of wave vector componepi parallel to

“he gurfacae take the forms

g ™ &, = huylky) ' (255 )

k{® = {0 - x, + gy (255 )

The specificktion of the diroctions of the incident and scattered

2lectron i8 completed by the equations

1{® . (g - {2 (257 )

kg - lome, - &S + g 248 (258 )

A signiZicant simplification of the analysis occurs if one noglects.

the energy of tha phonon created relat ive to tha.enerzies of tho imeci~ .

dent or scatterad cloctron. Then a Rayleigh wave snd & bulk phonon

with the same value of ky will scatter an electron inte the saze

differential element of solid angle 4 Q. .

“The differcatial cross section for omne~phonon emission can be

ezpressed in the Zorn

ros - M.’ém‘a(k(s),gﬁ) [1‘1’3{@)] ’

. (kés;rﬁg’kg"} }EQ Bta ?‘,5 Rrid, sty 116 {358 )
ARG A

#here k(a} is the magaitude of the scattered wave vectar, ¢ = eovvcs,

- n{w) i5 the Bose-Einstein cccupziion probsbiiity, Aas(gg;ché,;go is

tha phonon‘kgﬁctral density iunetign,

.
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L NN YT IC L WY CEPP LNy COPE I ( 260 )

z FA
aod @ = ky + Z Qz({.z) with Qz“z) spaecified by

Q) ~ 15 logm, (-eer) . ( 261 )
z 3
The phonon spoctral densiiy function is related to the phomon Green’s .
function Uaa(lj;g gt W) by
. Aas(.'.;,;cz,&z,;m) u-(l/in)[uas(gg;cz,bz,;w- in) e
. “Uykyit ol sutdn)] ¢ 262 )
where *

gaj (EE u&z) g’Sj (5} a"fzn )

) ¢ 263 )
(k)

For & particular direotion of tho scattersd electron (ky fixad) .

and scattering oply from the surace layer of atoms, one ¢an write te

a good approximation

.
.

PR 2 .
. 2 -a-'%%‘.n “Xi+n{x}l T QGQ;Aaeigg;ﬂ,o;m) { 264 )

g

whorg £ ig iedapondent of the energy less w. BRoundy aand Milis have

ﬁealuatwd'ége w dependonce of the cross suction for a (100} surface

of & fc c crysinl with nearest neighbor central forces. They mads

very sinple approxiwmations for the pariodic parts of the eleétron

e, i g g T
RN N T
»

2
e

‘ wavo functions and the Fourier-transformed potential v(q). The Te-
-t sulys are shown in Fig., 16, Tho delta function pedk is associated
3 with the excitation of Rayleigh waves, while the broad band at

d . higher snergy loss is asgociated with excitatian of bulk modes.

P,

¥

| Thus, the surface mode dispersion curvae can in principle be déter-

¥,

SREICARYRES]

) nised fron euergy loss measurements for various kg. To date, however, )
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no one has succeeded in carrying out such measurexents for Rayleigh
waves.

%o now turn to the casa where the scattered electron iateracts
with the crystal tbhrough 2 macroscopic electric field., This caso
concerns ionic crystals or covalaant crystals with suriace~induced

. effective charges and is dircctly comparable to experiment.

A classical macroecopic theory of emergy loss by electrons due
to excitiiion of optical phonons has been given by Fujiwara and
Obtaka(213) who adapted the treatment of thchie(214) for plasmons.

*  Consider a slab of an ionic crystal between the planes z = 0 and

z = a and &a electron with velocity v incident on tke slab. The .

energy loss per unit path length is simply given by

&, e (2 '
ax v L3n - .. (263) ' '

where‘gn is the electric field due to the mediun aione. The total

2%0l1d B im given by § = - gy where the potential ¢ satisfieé the

-

aquations

: E(:a)vzep = 4dwed(r ~ yt), 0sm { 266a)
Py a -
] . Vp = 4med(y ~ vt} eolsewhere , ( 266b) . - -

and efw) 35 the frequency dependent dielectric constant given by

Bq. (84 ). Eguations ( 266 ) are to bs svpplecaented by the condi-

dew

tions of continuity of the normal cosponent of the electric displacé-

PO
T,
[

@ont and the tangential conporents of the electric field 2t the

i
i
« o

boundnr;ea of the slabdb.

:
e

A

it i3 convesoieont to 1ntrodpc9 the Fourier transfornm -

1 .5 "+ oty

- 5
oL 8 (172} SG’E.*S‘“’@(IE'%L"”W i { 267 )
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where ry nnq £1. are coordinates parallel and perpendicular to Y,
respectively, and k, is 2 two-dimensional wave vector perpondicular

to v. Equations { 266 ) can now ée solved togothoxr with the boundary
conditions and the emergy ioss computed using Eq.'(zss) » For normally

incident slectrons, tho probability of loss of energy fw can be

written as
P oo = - A/nw) § anpCemgE oo ( 268 )
Py
1
: - (ezlnzhvz) et Iméli'
: ‘4wt €
. L
2k
2 l - ¢
.+ In X
. ] '6;5 + m?/vz)z [ €

-, 2(e= Deos(wa/v) + (6= Dexpl-k a) + (1~ E)oxp(k,a) }
(- D2expt-k a) - (e+1)%exp R ]
{ 269 )
The first teora on the right hand side of Eq. (269) corresponds to
eicitztion o; bulk LO phonons and the second term to oxcitation of
surface optical phonons. Setting the denoaninator of tho second.tera
to zero gives exactly the dispersion relation for the Fuchs-Kliewer
surface optical phonons, Eq. (83 }, in tho unretsrded limit.
Lucas and §hnjié(2°1) bayve given a semiclassiﬁal treatment of
the problem for polar crystals. The electron im treate& as * classi~
¢al point particle #hich woves on a fixed trajectory at consiant speed,
We have seen in Section 2 that the Fuchs-Kliewer type surface optical
uodo has an electric field which ponetrates outside the crystal, The
electron couples to this cleciric field -and drives the iastiice. The
interactiocn ensrgy between tha olestron and tho suriace mode in the




TR TR A @A A A T S i e VAL - W5 A AP P e g
. £l
-

v

non~rotarded limit is sinply ep(y) whore ¢(£)ié the electrustatic
potential set up by the surface modo. The probability oy oxcitation
of one or more surface optical phonons ix thon calculated quantun
mschanically. TFor o slab of thicknoss 2a, Lucas ond §hn3$é find

that the probabilixy of the slectron losing an energy hw is

- , ~dw_t -1y
Plw) = (P, 27) f at o0t °"P[fd.1§,r. (Q.e tr Qe

-t

.t
)]
( 270 )

shere Po is the no-luss probability, w,  are solutions of the “uchsg-

Kltowor dispersion relation for surface opticsl phonons,

.

sinh(2ka} = 2 26(w) A{e2(w) - 11, (271 )

k = |kg], snd €(w) is the dieloctric constant given by Eq, ( 84 ).

Tho quantities Q, are spocified by

.

2,2
« 2%  sinh(2ka) -2ka 1
x kiv, 1+itu -k e

ER)- anh ©

1
klv,|-4(o, Ky y)

( 272
where “pt§% the 1on plasna.frcquency aad the vectors v = <3=’V;) ond
yro- (gjigi) are the velccitios (resolvod inte components parallel
and perpendicular to the surface) af the incident and scatterad
alectron. ' ) ’

In general, Eqga. { 270 ) and { 272 ) desceride a Poissos
distribution for the excitation of n phonons. For the caso o

specular reflection from a very thick slab, the probabilily Iov

tho axcitation of one phenon- becvass

-
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‘ 62q?
Plw) = -——-—2- GUwlv, )6 = up) ( 273 )
2hw v

where G(lvul,vl) is a relatively slowly vsrying function of its
argunents, From Eq. { 273 ) wo see that the probability varies
with energy E of the incident electron as Eui to a gocd approximation,

This dependence is in agreement with the experimental results of

Ibach(215) on Zn0. For 1 review of this topic, sees the recent

articlie by Lucas and §unjiéc216) in this journal,

A quantum mechanical treatment of inelastic electrom ssatter-
ing frok surfaces of rolar crystals and-covalent c¢rystals with
surface-induced charges has been Fivsn by Evans and Hills( 202)
For polar crystals, their rasulis »cduce to those of lLucas and
Sunjic in the specular case. For o rerlent erystals, the surface
optical modes are zlways localized within a few stomic layers o2
the surface. Evans and Mills fiod th:;'t the asngular dependenco of.
the one~phonon scattering croos sectién is less for the covalient
erystals than for the ionic crystals. Furthersmore, the energy
dependence of the cross section for the covalent case is more
complicated than the E“% depsndence fox the ionic case. These

difforences can in principle e used to identify the type of surface

made involved in the scattering. Recantly, Bvaus and 31115(217}

have extounded their work to multiphonon prociusass,

-

C. Experizental Results . .
Amonf the oarliest obsexrvations of surface yibrationsl modes

by inelastic eloctron scattering fs that o2 Boezuch, Geiger, and

o '-""“&‘-Wrxs
= xﬁ“%@
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Stickelc 218 5 on LiF, These workers used relatively high energy
electrons (25 KeV), but wore able to achieve sufficien? resolution

to identify loss peaks due to excitation of phonons. They found

a peak in the energr loss spectrum in the region between the long
wavelength TO and LO phonon frequencies and idontiiied this peak

8s due to excitation af Fuchs-Kliewer type surface optical phonons.

This identification has been confirmed by Fujiwara and Ohtaka.( 213 )

Burface modes of a different typs have been observed by Propst

{218 )

and Piper who gtudied hydrogen and other molecular species

adsorbad on tungsten using low-anergy electrons. Loss poaks were

observed cerresponding to the excitation of vibrational nodes

localized in the vicinity of the adsorbed specieas,

*a

Further extensions of the imelastic scattefing_technique nave
boen achioved by Ibach( 215 )_who ohservad surface’optical modes
in Zn0 using olsctrons in the rangq 1 ~ 100 eV and resolution
~ 10 - 20 nmeV., For tae {1I00) surface, Tbach observed loss peaks
associated with the exclfation of O; 1; 2, 3; and 4 surface optical
phonons, The intonsities W(o-n) of the peaks are consistent with
the Péiasyn distribution predictod by quantum mecpnnies Zor an

oscillator driven by a tiws-dependont force K(t):

2 ji
5(o~n) = -61-‘-}6)2“9"‘“3 o {274 )@

G = $/(2nhm)% dt eiwtx(t)dt . (275 )§
o ) . -

This result is 2160 in sgroement with she nore elaborzte theary of
Lucas and Sunysd ¢ 301 2
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In a subsequont paper, Ibach( 220 ) studicd the inclasiic
scattering of low-onorgy aloctroné from the (111) surfaco of
silicon and found 2 peak at 55 meV, which is to be compsred to the

Raran frequency of 65 meV. The intensity of the loss peak is

relatively small compared to the case of Zn0, but is larger than

one would expect for scattering from localized atomic potenulals.
Ibach concludes that his secattering is due to r nacrozcopic slectiric
iold drrived fr/ 2 - iuv.wnsing surface-induced effoctive charges and

estimates thu charg: o be on the order of 0.1 a.

A5 (ntioned earlier, inelastic neutron scattering is not
particular’y favorable for surface studies of lattice dyn::u-.xt&:s:_a
Uowov;r, mentlor should be made of the work dy Rieder and Horl(zzl )
who stuéiéd fine ;‘:.nwders of Mg0, Using the incohsrent approximation,
they fénd‘devinpzons of tho frequency éistribntion from thet of
bulk crystals wiich suggest the plresence of woth acousticsl surface
nodes and optical surfeco wodez (both iifshitz' and ?uchs-xliawer.

types).




kY

NN Ny AR SR B AT o b

-y oy . » SN « .
’\«'xu TTMICNLGTHIAIE I 0 W ss NSRRI T W Ve W RS g e gt T W s A e T -

135, A

7. THERMAL DIFFUSE SCATIERING
A, Introduction. 7

Thormal diffuss scattoring is a form of inolaafic scattoring
vhich is qguite familiar Zrom x>ray diffraction. Not oniy do the
thornal vibragions of the stoms lead to a2 gain or loss of onergy

by the incident boam, but also they lead te a8 broadening or d4if-

AN

fuseness to the diffraction spots. JOrdinarily, in discussing

thermal diffuse gcattering, one ignor@s'ﬁhe change in cnergy of
the incident beam. Tals is satisfactory, oven for low-ghergy
electrone, if one focuses or the diffuseness of the diffraction
spots and not on’‘enérgy lgss or gain, éiace phonon cnergies axe .
~ U.01 eV and thereforo-zmali compared: to typical incident elec~
tron energles.

. B, ‘Theoratical Develsopnment B . ’

B A theorotical oxpression for the intensity-of first-~order
thermal diffuse scattering has already baen sxhibited in 2q. (217)
for a Bravais crystal., In terms of_thz~correlatioa function ng
fined by :

CCab’) = (19 u)I(Que I (276)

w9 can rewrite i, as
"

. : 1Q- {R(LI~R(L )]
I~ Ia 282 slgeE® ™~ ~© ~©° x| '
AN .
S N -G o
Rs T cqﬁi,i—} . (2773

If wo utiliSo the normal coordinate transforﬁgi;ca given by Eq.

{595 }, then the corrslation funciion can be rewritton as.

Crlgeps = /) 2 g 5 @G, NP /6T (278)

- -
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shere €(p) is the mean energy of mode p. Taking the crystal sur~
face to be parallel to the l-~ and 2~directions, we use 2g. (233)
and obtais after somo manipulation .
2 ,. “Blgd-uly)
I, = N.Io 1o b2 , e(glelegde X
La 'La

1Q, (1,3-4;)
3

% Z 8(Qu-q)B;{L5.25.9) (279)
q

wvhere wo have replaced E:p) by 9, q = (11,q2), Q- (33 .Qa); By
iz unity if 1ts argument is & two-dimensional réciprocal lattice
vector gl and zero otherwise, and .
. N . 2
Bollgits @™ (1/H)Z‘{Q-g‘(g.j.&3)J{Q-g(g.j R BIRACTIY (RO B
3 : (280)°
&pplying the previously mentioned theorew of matrices, we can
rewrite %.593,&5 iq) as .
hD% (q) .
ZkBT .

Brlegitg® = (20 B a8, ¥ (g) cotn .
2% 4gB

where D{(g) iz defized in Eq. (234 ). Both Egs. (280 ) and (251):
can be convendentiy used for numerical calculntions. We note a
rather genernli rasult that intepratian o; 12 over Ql ang Q?, vields
& quantity whichh is = iinear combination of meaa sguare dispizco-
=ments {of. Eq. (235 }]. 3II the scatsering is entirely fxom the
guriace layer, tho lategrated 12 is simply sroportional to the
gurface atom mean sguare displacement. ‘

The thormal diffuse zezstering inteonsity cap b2 espressed in
torws of Graaq"s functions by uslsg the relations .
" e = gyley 1), o, e :

a~L %

» _" iy v
. + 3 TX¥T .
ek G e L .
S NG
; kit AU
5 gt
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hw kT 11
n, - {B wp B ] ’ (263
v
- S (2,21 )
) n,+h (wpkBT/h)nz;(mp-*un) , (284)

where w, - Znnka‘l'/h w%ith n an integer. .Then CT(.{'. ,'{.'_') can be re-

writien as

Crik) = - ig? B Q8 néﬂ Upg (h ol 102 (285)
“ = kT &Eg Qg Uppls,t’i0) as T+ » . (286)
' wvheze . . .
: | "asiﬁtﬁ’:wzi - ?iﬁ?-%)_—:%?—%—'— . C ey
P

- .

The surface can be treated as a perturbation on an otherwise pex—

fect crystal. If the perfect crystsl eigenfrequencies and eigen-

vactors are wikj) and a(ki), then .

¥ [ 2N 2\ - L\ * . tad
Jgs(e.,e. ey = (3/35) 13 Ky .BW(EJ}QE{E i’ x

-

ik‘n(&)*.ilk\l:’gliﬁ) Tg? 2
. i xe™”"™~” u(ki,k'§ w7} (2883

where u(}g ,5'3". wz) is given by Eq. (206). . .
Wallis ard }.!arr.dudin(m) have evaluated 12 with the aid of .

Egs. {277) and {285) for the ¥aradudin-Melngailis isotropic mode
o7 B s¢ crystal. Both kigh temporatures snd long wavelengtihs were

assuzed. For scactering only from the ‘surfaco layer of atoms, the

regsult is .

I, = fab/z} 818;-9;) 5Qgmgy) ;‘35 Q25 (/) %
: B RIS VLT (1—.:“3}(1-553)&1“39'&21 (289)

1{175 5
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1 . 1]
! 2 2 2
i where q” = q; + gy, & ig the lattice constant, ) ’
i' . . 2, 2 2oy ~29(0) —
; b Ioﬁs(kBT/ch)aofoa {0)e " {290}
. and cy ls the speed of long wavelength transverse acoustic waves,

Note that the intensity ie proportional to the number of surface

atoms and to the absolute temperature. An interesting feature is

- ——

the inverse propertionality of intensity to the distance q of the
scattering vector from the nearest recipiccal lattice rod. :Bulk
scattoring, in contrgst, varies a3z l/qz. ¥allis and Maradudin
also found that the iso-intensity curves for the surface and bulk
ckses are frequently different. This is illustrated in Fig. 17.

. Another calculation kased on the isotropic model is Eh?t of

(223)

Huber who counsidered a slab of a gerneral isotropic material

following -the appronch of Strntton.(gs)- Huber®s rosult for the-

B ettt e L e g

intensity of thermal diffuse scattering can Ya written ss

. ¢ - . ’
I~ 3 I Qe 1ra? cos % + Wf sin %o + 971 (201) :
]

-~

where the scattering vector g u 5'—5 - (SB’Q‘)’ U, ¥, and ¥ are
functions of the speoeds of transverse, %ongitudinal, and surfsce
. vaves, @ 15 the arrle bstwoen Qp and Qg - G;, J = Hs(kBT/ucg) x
acofiexpﬁazﬁ(o)] aad the prime on the sum indicates that only the .
rinizun value of }g;-g;! is to be sounted. Qualitatively, Huber's
result is sinilar to that of ¥Yallig and Egraduéin, but quantita~
tively it iz larger by about o factor of 2. The ~yigin of this
digceropancy bas not heen pinned down. ) S
A nuxerical galculation of the thermal diffuse scatterisg = - ’

fron the (30G), (110}, and {il1l) aurfaces of argon-has boen carried. .

B T B e I S S S T A R TR
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out by DeWstte and Allun(224)

using a2 lennard-Jones potential,
Thoe clgenfrequencies and eigenvectors for a slab 11 atomic layers
thick were calculated and then used in Eq. ( 28G ) to obtain 12.
Tho re=zults are not valid in tho immediate Qicinity of the
reciprocal lattice rods, but give a better picture of the situation
far from the reciprucal lattice rods than doe§ the continuum ape
proximation. TLese salculations have recently been extended by

(225) who have treated in detail the *

¥Xesmodel, De¥Wette, and Allen
(200}, (110), and (111) surfaces of Xe. They included contripu~
}ions to the scattering from tho first.five layers of the nine-
layer slabs euplmiod and assumed 3 geometrical decrease in the trans-
mission factor yith distance from thc.surface. Kesuodel et al. fcund
significunt interference effects between layers lesding ?o dii{ferent
intonsity distributions around different reciprocal.lzttice réds.
They also founs an “extra" spot near the (04) r;d foxr the (100)
surface, . ]
C. Experimontal Results . o

Esrly observations of surface therzmal diffuse-scattering were
azde hy Aldag and Stern( 155 )lwho studied tha (310) surface of
tungsten with electrons in the 230 - 700 eV range. They obsexved
an anisotropy in the scattering which they attributed to aniso- |
tropic surface modes.

A detailed study of thermal diffuse scattering froms the (11l)
suéﬁnce o? silver bas been roported by McKinnoy, Jones, and Eobbg226>
Those autkors verified & numbox of the theoretipa} predictions for

suriace tharmal dif:use seattering. Thus, they found the prodicted

-

inverge debendenco of intonsity on, distance from ths nearegi recip-

woe !
4 ‘ e
G VAT SN T PO

3 e
LI

rocal latiize zod, Fuﬁthernore, the ratio of diffuse intensity

i

A
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to péak intonsity is proportional to the absolute teaporature and
to the square of the magnituds 9f the scattering voctor. Finally,
tho ratic of integratoed diffuso dﬁd poak 1nt9nsit{es is approxi-
macely proporticnal to the expaaent in the Dobye-ﬁaller factor.

In a subsequent paper, Barnes, Lagally, and Webb(227) dige
chssod‘exporimcnts using tho (111) surface of nickel., They ob-
served, in addition tc the one-phionon scattering, = uniform back-

ground which is a function of enarg§ and temperature.

Barneg et al
Present irguments that this background is due to multiphonen
sgattering - {.e.,

(213).

tc higher order terms in the expansion in Egq,

In the ¢ase of the (111) surface of silver, tho multi~
phornon écattering is relatively small. 'Lagally, Ngoe, and Wabb‘zzs)
have extended this work and have ;hGWn that kizematic intensities

can be roecovered from LEED data by averaging the LEED intensities "

At constant momentum transies. This procedure could prove useful

in determinations of surface structured and surfzce Dabyo~Waller

factors. : )




ey s, S U
o & o O IR TR SIS WOPDAE W VRLSEIDT SR PO S RTIRIIEAE, Ty L B EATTIN I D T VN S R (Mg TR T H Y BT VR ey -

. 142,

8. SURFACE FFFECTS ON OPTICAL PROPERTIES

In this section we shall diszcuss the effect of Irco surfacos

on opticnl proportios associatod with lpttice vibrations, In

particular, we shall discuss infraroed absorption or reflection

and Raman scattering.

A, Infrared Absorption

(). Theoretical Results

1 Since iunfrared wavelengths are large compared to lattice

spacings in crystals one gan treat ths wave vector of the {(nfrarsd

adiation #s negligible. Under these circumstances, the inirared

abgorption coefficient of a crystal latiice is proportionzl to .
(229)

. tho quantity

» 2
. M) =22 v |] imume ma| «

x 8(Ey ~ E, + hw) £292)

where g gtands for the set.of nuclenr ccordinates, ty and ¢1 aro

- the vibrazionsl wave functions for the initial and finpl statea,

Bi and'sf are the corresponding energy eigenvalues., vy is the

Boltzmann cceupancy fzctor, and ggg) is the electric dipole momons.

The dipole moment can bo expsnded in powor seoxrigs in the

dizpiaceacnts of tho tons from equilibrium w{Lx):

*xacg) kS L);:’s ¥ plinu (Lx)

* E E n ‘{, '.' Q ] ALY se 4
AT gy (R LK) glinde (Lix") + (293)
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«Tha copstant tern Aoa i8 of no interest for infrared absorption.
The torms linear and quadratic In the displacements are, respec—
tiveli, the first ordexr and second oxrder terms. Ye shali rostrict
our discussion to the first ordor terms, which are important in
lonic crystals and are subject to strict selection rules if tha
crystal is poricdic. .

The coefficients ua (4x) play the rcle of effoctive ionic

8

chargas, Infinitesimal translstional invarisnce impeses the

[}
. condition

D Mg =0 . (204)

in & poricdic crystal, Mqa(ig) doos not depond on &, 80

. Z H (x) =0 . © {295) .
x g . )

in many cssssg, the tengor Maa(x) can be taken to be diagonal

Hcs(”) = o8 . (296) .

aherv & im & gvalar effective charge for ilons Zor type x. Again
zonsidering a periodic crystal, one csn expand in torms of tho

noranl woordinatas Q(gj) instesd of the dispiscemantu‘g(Lx)

¥R - N+ EEJ ¥ (5DQUKS) + =0 (287} - '

whaore

u D - T -3 () ,
(K3 = L) Z ¥ (ndeg(xlkide Qlkiy  {298)

- -

2nd as(x!_kj) 1s specificd by Eq. (143). Xt can be shown >’ R 3
that the coefficient xq(y) vanishes unless k = O and j refars to
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the transverse optical branch. This result is a consequencs of
periodicity; when a free suriace 1s present other modes can give
2 non-vanishing dipole moment and inifrared absorption.

A theoretical investigation ol the effect of free surfaces
on tho infrared absorption of an ionic crystal was carried out by
Rosanatock( 236 ) who simplified tHe calculations by retaining
cnly short-range forcos in the lattice dynamics. The 2irst order
dipole moment was evaluated with the aid of 2gs. (203),

( 295 ), ond ( 296 ). Tha use of Eqs. ( 295 ) and (296)

is not sgrictly correct, but should be all right for qualitatiée
sstimatos. For s iinear chaip of N ions of alternatiég charge but
2qQusl mess and nearest nelighbor intarac¥ions, Rogenstock found for

the first-order dipole mokent associated with norazl mode 8,

M- euolcos(gslz} T s odd . ° {299)

- 0 ’ s even

vhers g sn/X, 8 ~6, 1, 2, 2, ....K~1, and u, is an arpitrary
amplitude. The dipole xoment has a maximum for 8 = N-i (the mode
vhich has the maximum frequency wy and which would be the long-wave

langsh optical mode if the'lattice werc mode distomic) and decresses

in asgnitude as § docrasses., The iaportant point is that the dibolc -

monent, :nd‘hcnce the dnfrarad absorption, are non~zero for s % N-l,
Thus the froe surfzces lez2d to absorption in frequency regions not
allowed with poriedic boundary conditions. Taking inta zecount

the frequency distxibution, the absorption coaificiep? turae out

to U9 proportionxl. to (gn - m)~3/z‘ .

o i S B it R et 22 U CENS SNFLP R R “i
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& :

. In o second paper, Rosunstock( 231 ) treated two- and
throo-dimonsional crystals, Tho Coulomb intoractions woro ignored
in tho lattico dynamics by use of tho Rosonstock«Nowall modol(ql)
The aain difforenco from tho eno~dimonsional cagd- is tho appoavance
of critical points in the frequency distribution.' Since the free
surfaces lead to a continuous distribution of infrared absorption
over the normal modes, the critical points produce subsidiaxy peaks
superposed on g contipuous background absorption. Thig is in sharp
contrast with the single deltanfunctisn absorption predicféé by
poriodic boundary conditions,

Rosengtock has subsequently included the COQIomb interactions
in ‘his analysis. For the one-dimensional casef232 ) he finds that
the absorption coefficient varios as [-log(wm-m)]i(wm-w)'alz rather
than 2s (wm-w)-a/2 without Coulomb interzctions, For three-
dimensiona,cbaa ) o has calculated tho froquencies of subgidiary
poaks usihg-a model of NaCl-type latticos involwing Coulomb intor—
actions and nearest~neighbor repulsive interactions. Rosenstock
Zsund that the experimental values of the fundsmontal lattice ab-
§orprion frequency for many alkalj halides are fitted better by a )
subsidiary froquency than By tso classical limiting troquency. How
ever, it is not clear that the model used is sufficiently precise
to remove all doubt about such sn ideutificztion:

Recontly, #Hzss pnd Rosaustock(234’235) have taken into

account the differont @asgos which the ions of difforent chargoes

generaliy have in an ifonic crystal. They furthermore investigated
thy dependence of the infrared absorption in various frequency

rogions on the voluzs and surface arez of the crystal. They found
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that the absorption in a frequency interval contsining the funda~-

montal latticc frequoncy is proportionsl to the voiumo, but tho

absorption in othor frequoncy rogions is proportionnl to tho surface

aron. Thus, to exporimentally observe tho sbsorption induced by
the freeo surfaces away from the fundamental, one should do experi-
zents on samples consisting of many thin layers to enlbance the
surface~to~voluno ratio. The experiments should also be dono at
loy temperstures to avoid complications dus to anharponic broaden~-
ing of the fusdnmontal abscrption.

Since the fundamental absorption of infrarcd radiation
by'a crystal is primsrily restricted to small wave vectors, it is
roasonable to apply macroscopic theory in the frequency region
near the fundamental. This has been done by Englman and Ruppin(7o)
who have discussed the optical properties of finite ionic crystals,
These authors have recently published a rev;ew( 7 )Jof the
situntion. ¥e shall tske up only selected topics and refer the
{eader to the Ruppin-Engimaq reviey article for further details.

' ¥o now consider the optical promrties of finite crystals.
For spheres, cne can utilize the Mio theorys 236 ) T@e absprption

Tross gsaction {in units of nns, R the radius) is given by

- -2 - - ] _ - .2 .
Oa (kon)z (‘?1 {24+1) (~Ro a“ laLi Re b.‘ ib&l ) (300)

~here
= Jt(xi)[xoj&(“o)3' - JL<xo)txiJL(xi)J‘
05 [xghy(x 01" = Bylx ) xy3, (x7'

a& > (302)

R
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x, = kR, x; ~ kR, k, =€, w/c, k, = € w/e, € 1s the dlelectric
rconstant of the medium surrounding the sphere, € i8 the dielectric

constant of the sphere, and Je and kX, are the spherical Bessael and

4,

Hankel functions, and the prime denotes differentiation with respect

to the argumont of the Bessel or Hankel Iunction. The acattering

cross seqtion is given by

%s 2 2
(x 02 {1

and the totel {extinction} cross section is specified by

-
Ot Ua + 0'8

- -

2

(k)2 ¢~

Ruppin and Englman( i

cross section'tor spheres of NaCi. DPeaks in the cross gection occur
for oxcitation of the various radiative surface modes characterized

by £ =1, 2, 3, .... a9 given in Eq, { 89
spheres, R - 0, only the £ = 1 mode causes appreciablo absorption.

This modo is in fact the mode discussed by Friéhli

has 8 frequency W given by

2 .
vy - EO - 2525

;;2 € +2E“

en“t(xn7[”13L(§1)],.’ ej&(xi){xth(xo)]'

~Z B (a1 (fay(? ¢ Inlh

i nd 1(24+1)Re(a%+b{’)
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{302)

( 303)

(304)

) Have evaluatad the extinction

}. Por wvary szsll

which

{305}




3

z iR, % i i bt 5
B N R Lo VR WL, SR O LT STEIRY .E‘woﬁw‘;\'ﬁ'“i}%}w.,ﬂ ST “’Wt'ﬁﬁ ‘QWM »,,u P g s Ery

. 148,

For small but finits R, the 4 = 1 modo :roquonc§ has corrections

specifiei by the equntions

2
w °(1) . €, * 2EM(1+A)

)
war €, + 2€,(3+8)

€, + 2¢
M| <:T3j> ~ (307)
€, T ZEM .

, the extinction cross section calculated for & 1 um

(306)

>
1
wio

In Fig., 18

radius sphexd of ﬁpCl is plotted as a function of freauoncy. The

peak due to the 4L = 1 mode is clearly evident between the long wave-

leugxh transverse and loagitudinal opticel mode frequencies, As

the size of the sphere increases, additional peaks appear at tho

4L =2, 3,.... surface mode frequancies and at bulk mods {raqgencias

lying just below Wepe ) *
Buglman and Ruppin have also considored absorption by

cylinders, For very asrrow cylinders (radius ~ Ium} and olectrie

vegtor perpondicular to the axis of the cyliader, thers is 2 pea¥k

in extinetion at & surfane mode with frequency specifioed by
w2 = w2l re,) /e +e) (308)
50 TS0 Y o SR :
For paralliel polarization, the extinction penks at W A related
problem, the abserption by needle-shaped crys

a 8, hag been dis~
cussed by Rosenstock. (237)

A particularly interésting caze is the thin slsb. %o have

3eon in Section 2 that a slab exhibits surface modas of tha Fuchse

Kliemer type with frequency specified by Eq. ( 83 ). These modes,

*
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’ "

howtver, are nonradiative and do not interaci diroctly with elec~
tromagnetic radiation, although coupling can be achicved by
speclal neans to be described latér. The opilcal properties of a
glab of an alkaii halide have been dlscussed by Bérreman.(238)

For radiation incidaut normally on the slab, there is the usual
absorptivn peuk at Wope For non~normal incidence, Berreman ob-
served an additional absorption psak at wy, if P-polarization is
used (electric vector parallel to the plane of incideaca). ?hat
coupling should occur in this situation is clear, since the elec~
tric vector has a component normal to the surface and therefore
parallel ¢v the macroscopic electric f£1i21d of the longitudinal
optical phenon., A detailed theoretical analysis of the optical
properties of an ioaic slab haa been giéen by Fuchs, Kliswer, and
Pardeeeﬁg) using & macroscoplic approach apd by Jones ané Fm':hs(85 )
uzing a microscop}c approach,

Ir a second paper, Berrennn(240)

analyzed the effects of
nlceroscopic pits and domes on tho infrared reflectance. He found
that those defects introduce structure into the veflectivity just
hoiow Wy,

In the foregoing dissussion, tﬁe boundary conditions have
been handled satisfactorily oither for the sbkort-range forces
(Boseastock) or the long-range forses but not far'both. Tong and
Hnradudin( 30) angd Grimm, Harsdudip, snd Tbngiz{l; heve tsciled
the problem of handling the équndézy conditions with both typos ol
forces. The imagipary part of the Jielsctris rusponso tansor
{=hkich reizies the polurization te the gxtzrsal alectyic field)

¢an be written ag

o
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) w Bhu_sy [ ap o-iwt
em(w) (2n/803 (eP¥-1) Jodt e ' (uv(tm“(o» (308 )

whare i 18 the volume of the crystal, 8§ ~ l/kBT, ﬂl(t) is given by
Fa. (293 } with the displacements u“(cx) taken to bhe time dependent,
and the angular brackets denote an average over a canonical eassemble,

By generalizing the normal ccordinate transformation specified by

Y

Eqs. (250 ) and {251 ) 10 twe a2toms per unit cell and writing tae

time depsndence o the creation and annihilation operators ar

a gty t) = s, (kg ,0)expl~tu, (gg)t] €310 ) -

and
an(~5§.:) - an(—"ég.O)exp[_iwj("ﬂ)t} ) (3113
one can reduce the expression for §§3)<W) 1o the form

o 2.2 6N 8[ww,p)] )
2y T2 » --‘H-' £ . 312
v @ N{2r) .1§1 ey Tus Tu e

whoro ~ .

-3 N
Ty 33 ,fi LRI S AL ST T IR (313)

=3 P

1

%é'ssa that only gk-o nodes contribute to Eéf)<w> and hence te the

sbsorption. The tet§agonn1 sygmetry ot the glab is reflected in

ﬁig)(w) by the fact that €é§>(m} # eéi}{m).

. v

SThese calculations have been extended by Grimm, Maradudin,

(2415

ang Tongy who included the real part of Ebv(m). For a 100-~layer

&lab of NaCl, thoy find that the diagonzl cozponents can be repre-

saated by 2 -

. 1.229wo .

{w) = 1+ .
Sxx (2.418@032—m2-iyw ‘

Ry

2
26.65w R .
. s )

(2.2915 oma e tye

.

5 S }zé‘ zZ "
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o w

28. 7%

. €, (0 «1+ : (315 )

' 3
. (2.208y 370" iyw
-1

S

where w, = 1013 sec

room temperature). The poles of £ _{w) in the limit -0 are wt
XX !

and y 1s the damping constant (~0.02wo at

Gp = 2.4Slw, and at & transverse surface wode wog, = 2.41@@0. Thig
surface mode is localized within a few stomic layers of the sur~
face and is distinct from the Fuchs~Xllewer modes. The zero of
Ezz{m) in the limit y»o is at w, ™ 5.837y,. For an anéle og ingi~
dence of 30%, the absorption coefficient is plotted against fre~
éuency in Fig. 19. Peaks are clgarly evident at Wpgyr Wpe and Wy
As montiored previously, there ié no dgrect coupling of the radia~-
:ion_tc the Tuchs-Kliewer mode and hence no peak in absorption at’
its Irequency.
(ii)‘zxperimantai Results

A great many workers have aunde infrared absorption
measurexnents of very fine powdegs of various matersials, We conf
sider only a few examples and refer the reader to the review
article of Ruppin and Englman(71} for furtker references. Typi-
colly, the powders are suspended in sineral 611, pozyithyiene, or
KBr disks and are found ic give peak absorption at a frequency
higher than Eae Agsunming thet the particles can:-be apgroxinatgd
by sphercs, these results arc entirely consistent with the
Englman-Ruppin rasult that the peak wbsorpiion of very small
sph;ree accurs st the surfzcs wode frequency given by Eq. (88)
rathor than &t on. Thus, for Cn0; MeDeviti and Bzun(242)~ ab~

1 3

scrved peaks nt 400 cm ~ and 250 e -, These are close to the

calculatsd surface mods Sregusney of 402 ox gnd the bulk
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transverse frequenéy of 289 cm‘l. Sinilar results hn;e been ob~- ggg?
tained for N1O, Mg0O, and a variety of mere compiicated crystals. gg?
Martin has studiod fine powders of Kci1%%¥ ang waci(244) ;
and observed abscrption in the regica between W and wy . The g
peak in absorptien occurs at a somewhat lower frejquency than Wpe Z
* " This may be due to absorption by 4> modes or to the non-spherical .g
shape ¢f the crystals, Geniel and Martin‘zs) have recently mpue -
infrared measurexents on finely powdered C40 containing fraue car- -
riers. One may therefore expect coupled surface optiscal phonon- . o LE
surface plasmon modes: The expériments indeed reveal two reso- . e
nancoe in the absorption soefficieat as well xs an antlresonance -
vhich is also predicted by theory. ;13
: Systens of particles which c¢an be approximated by cyi- ﬂf'»; A 4 -
: inders rather than spheres have 2iso been irvestigited experiment-~ ‘: ,Eh} T

. ally. Pultz and RertI(Z“» stugied very thin fibrez of E~S5iC and . , ) U;A

observed peaks at W and at the surfiace mode ag predicted by the : ’7: -
Englman-Ruppin theory. Hass(zrn carried out an interesting study -

of the transmittance of thin films of NaCl and of LiF deposited

on diffraction gratisngs, For radiation with electric vector

PP vy PR Sy e v -

polarized parﬁllel to the grcoves the transmitlance had a minimum
d at G whereas with polarizniien perpendicular to the gicoves, the
nininum moved to & higher frequency whose value corresponds to
the zmurface sode in an eliiptic cylinder with nxial‘éatio of 30.
¥o huve alluded to Berreman's werk on the effect of pits
and domes on the optical properties of a cryst2l. Another iype of -
surface dofeat which must_b; coﬁ#idcred ig an iapurity ston sfd-

sorbed on the surface. Some years néo Pliskic and Eischcgs(zas)

studied the iufrared absorption associated with hydrogen adsorbded

[
¥
v
*

E U
% e
SR o

Ml
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on plhtinum. Th: observed two absorption peaks which they
attributed to two different types of btonding. The vibrational
origin of the peaks wasg confirmod Ly the isotopic shift when hy-
d: ;gen was replaced by deuterium. In another paper, Eischens and
RliskinGzED investigated carbon monoxide adsorbed oa platinue and

L and 2000 e}, 1f it is

found two absorption bands at 476 cm
assumed that the CO molecule is bhound to a suriace Pt atom by at
C-Pt bond, then the force constants for the C-Pt and C~0 bonds

[}
. can be detsrmined using the theoretical analyses of Grimley(sa)
(38) ’ .

and ¢f Masri and Armand.
L ; , It has been pointed out that radiation doos not interact
fu‘»ﬂ directiy with the Fuchs-Kliewer surface modes of an isolated Lonié-
e j slab with perfectly planar surfaces. This is & result of the dis~

persion turve for the Fuchs-Kliewer modes lying to the right of .

-ix . SN . the light 1ine w;kc. However, by suitable experimentzl tricks, .
it is possgible to make those modes accessible to exporimental -
TR, study. . . .

One procedure is to study the infrared reflectanco from
a2 sample upon which a grating has been ruled. If the spacing of
the grooves is d, then the wave vectar cbmponent of the radiaticn
paraliel to the surface is augmented by 2nh/d where n is an -
integer. Thus, '
' ky = (w/c) sin 8 + 2an/d (316)
where 6 is the naglo of incidence. The reflectance curve exhibits
dips at frequencies specified by Fhe surface polariton dispsraion
eurve and Eq. (316 ). Froxs the observad raflectance digs; an

experinental dispersion curve can bs deduced. 7This techaiguo has
beea employed by Maxschall, Fischer and Queisaerczxﬂ to determine i

~
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the dispersion curve for surface plasmons in n-InSb and by Ander—
@50

son, Alexander, and Bol to investigate the interaction of
surface piasmons with optical phonoans, also in n-InSb.
An alternative and perhaps more convenient »rocedure

@53 @53

is attenuated total reflection. Ruppin suggested that -
this techanique would be useful in the experimental investig;tion . -
of nonradiative surface polaritons. The incremeniation of the
wave vector is achieved by placing a prisam adjacent to the sample .
. ©f interest and separased from the sample by a few microns. In
the absence of the sample, tho radiation is totally internally
reflected in the prisa. In the presence of the sample, the ex- ]

ponential tail of radiation peonetrating outside the sample couples

with the surfacse polaritons in the sample. Couﬁling ig éoéstblc
because the effective wave vector of the radiation parallel to the g
surface is given by ‘ ' - ,
kg = (w/bi nsin g (317) i o 5
where n is the refractive index of the'prisn and o is the angie of
incidence in the prisn., Since n>1, wave vectors to the right of

the light linc in vacuum can be d#chieved. This technique has re- :: E N

cently baen exploited by Uarschalil and ?ischexxzs4)who deterzined . o T

the dispersion curve for surface optical phonons in GRP. 4An

independent investigation -~ong the sam: lines is that of Bryksieo, s o .

(2552 or NaCl and CaF,. [

Gerbshtein, and Mirlin 2 o

B. Ruman Scattoexing ¢ .

In Raman scattering, the freguency of the scattored radiation

is downeshifted (Stokes) or up~shifted (anti~Stokes) from the

~

A
S vz #

€
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’

' frequdney of the incident radiation. ‘The advent of high intensity
lasers has stimulated an enormcus. upsurge of experimental investi-
gations of the Raman effoct in Lulk crystals., However, the usa
of ihe Raman effect to study surface phononz iz in & very rudi-
mentary state.

Raman scattering can be ascribed to the modulation of the
olectronic poiarizability by the wibrstions of the ioas. Tae in~
tensity of Raman scattering at frequency w ig proportional tb the

quantity(a’

< * .
lay,p1 W) = ﬁ%i(V'lqulY><V!pgll?'}}Av sCuwmww, ¢) (318

where v, v’ designate the vibrational guantum nuebers of the sryec-

tal, @o

ticnal onergy of the crystal and pcy is the eleoctronic polnriz-

is the incident Irequency, I is the change in vibra-

ability tensor. The polarizability can be expanded in pover serios
in theo lonic displacements., VWaen one transforms to zormal coor-
dinates Q(’lsj). one finds for a bulk (poriodic) ciystal that oniy.
optical wmodes with geo are active in the Raman effect., The polar-

izability oxpansions can thon bo writicn as

Pys = Pag) + Z 25 (R00) ¢ - (319 )

wkere j runs over the opticsl branches. It turns out from syametry

considarations that crystals such as NaCl with every atom at a

center of inversicn do not exhibit a first-order Raman effect.

However, crystals such as diamond which have centers of inversion ) ’

nidway betwoen palrs of atoms do show a firgt~order Rawan effect. - .
The creution of a free surface can result in the elimination

of centers of inversion symmatry and lead to surface~induced Hasman )
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A theoretical discussion has been given by Ruppin
(256)

scattering,

end Englman who treated the case of the incldent beam perpen-
dicular to a thin slab and the scattered beam at ar angle & to
tho rormal, Conservation of cnergy and momentum components parallel
1o the surface yield the conditions for Stokes scattering

a5 = kyg = [kylsin 8 (321)

where the subscripts 1 and 2 refer to the incident and scattered

radiation nad the unsubscristcd quantities refer to the phonon.

From Eqs. {320 ) ‘and (321 ), ocue finds .
in 6 - Clg 322) : ' ’ .
s1in m . ( ;

This relation between qp and 6 can be used in principle to deter-

e

mine the dispersion carve w{(gg). .

Acvowrding to Ruppin and Englmas, tho Fuchs-Klicwer ncdes of a oo .

scattering, since ‘the displacement patterns of thess surface modes
arg éimiinr to those of the bulk longiiudinnl and transversc opti~ -
cal modes which sre Raman inactive. For crystals which are Raman
setive in the bulk, howeveé, the Fuchs~Kliewer surface modes shogld
be Baman activo.

A calculatian whichi enphasizes the effect of the surface on L ‘ . IR B l
(257) L el . T

the shori~range lateractions is that of Litzman and Cely who o

analyzed ths Rosonstock-Newell podel of a Nali-type crystal with
& {001) surface., Following the 2pproach of Landon,{2§8)Litzman
and Cely show that the transition probsbility of {irst order Raman

scattoring into unit solid angle can be expressed as

yro
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2h2e4w n (n_+1)
W - S 0 8 e, o _.e o X
"vm4°3 W, Byuv fo "po “yg8 va 7
L I J a{n) l -
X L?c L'?'l AaIsY(ﬁ?()A)‘uv\ﬁ 1) n(ﬁ)+ls X
x Lim, Im Uy, (4x.¢ ‘%' ;0201€) (323)

€0

vhere the subscripts o and s refer ko the incident and‘scatﬂered
radiation, 8 is the polarization vector of the radiation, Aasl(ﬁ“)
is a third-order electronic matrix element, n is a Bose-Einstein
factor, the.lower and upper lines refer to Stokes and antiStokes
scatte}ing; and U&ltﬁx,ﬁ'x'.wz) is the Green's function specifie&~
by Eg. ( 13B), After cvalusting the Green's function for & mon-
atomic Rosenstock-Wewell model, Litzman and Cely fina a continuous . .
band of scatteriﬂg which peaks at & frequency below the maximum
frequency of the lattice. Uafortunately, no surface nodes egist
tor the model considered. In a recent publicatios, Kawabatn(zsa)
has given a thecretical treatment of light scattering by surface
phonons (Rayleigh waves) in metals.
C. Briliocuin Jcettering

The inclastic scattering of light ssscciated with the emission :
or absorption of acoustic phonons is termed Brillsuin geattering
and can be viewed as arising from }he Doppler effect. The frequency
shift is 20, wvhere @ is the acoustic.mode frequency. Experimentally,
one can drive & surface acoustic wave élth an external power souice,
The acoustic wave then serves as ; difiraction grating so'that gif~

fracted beaus appeoar in the scattered radiztion., For the nth order,

sin 8 = ein 6, + (mA/A) ) (324)
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where 60 and Sm are the angles of incidence and scattering and A
and A are tho wavelengtias of the radiation and the acoustic phonon,

to the acoustic power P(w) at frequency w by
-, u . 5
I, (Io/m! YLAP(w)] (325)

wheore 10 is tho incident intonsity and A 4s a constant. :

Using these tec'hniques, Lean, Tseng, and Pow011(128) have

study d the harmonic generation of Rayleipgh waves on y-cut, xz-°
orierced Lih‘bO3 with the nid of a He~Ne laser. Canmbon, Rouzeyre, -
and Smon(lzs) have usaed the same type of laser to measure the 1 -

veloglty of Ray.eigh waves on y-cut quartz. -
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" 9! SURFACE THERMAL EXPANSION
We have scen in Section 2 that the equilibrium spacings of
N '_ tho atomic layers close to a free surface are in general differ-

ent from the bulk valune. One may also anticipate that the change

? in equilibrium spacing with temperature--i,.e.,.the thermal expzn-
sion-~will also be different anear a surface from that in the bulk,
. Experinental {nformation concerning surface thermal expansion
can be obtained ih principle from the tenperature shifts of Bragg
peaks in‘low energy clectron diffraction if the kinematic approxi~
motion is valid, MNultiple scattering ei}ects will tend to obscure
the extraction of surface thermal expansion values from the experi-
mental data. :
A discussion of experismental’ and theoretical aspects of surface

thermal cxpansion hns been glven by Wilson and Bastov.(zﬁo). The . )

positiong of normal ipcidence diitrgction peaks are given in the

kinematic approximatioa by

Igi = = o (326)

where Q is the scattering wector, L is the alectron wavelength, n
is an integer, and o 1is the spacing between equivalent layers in
ths direction normal to the surface. The electron accelerxrating

potontial E_, and the inner potential Vi are related to A by

?
A(A) = {150.4,/1:;,.(3\')1!f (327)
whore E; = B, + V;. The thermz) expansion is then given .
’ . da . dae’ .
s TEE i (328)
5 Ep

For lov valuosg of Ep, the scatiering will be nainly fron the
surface and the surface thormal oxpansion will be obtained.

g
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Experimental results have been reported by various workers,
Gelatt, Lagally, and Webb(zel) found values of as/ub (ab is the

bulk value) on the order of one to'two Ffor Ag and Ni. However,

temporature~dependent asymmetries of the Bragg peaks due to
sbsorption and the variation of the Debyu-¥nller factor with dis-

taxnce from thae surface_complicnte the interpretation of the data.

¥ilson and Bastow‘st) have studied the (100) surfaces of Cr and

¥o. They fird values of as/orb in the range between two and three.

Ignatjevs‘zaz} has investigated the (111) suriace of Xe and found

as/ab valuos of about four or five.

A simple thecretical treatment-of surface. thermal expansion

has been given by Wilson and ﬁastow(zeo) based on the Grﬁqeisen

expression for thermal expamsion. They find

, 2 st
@ = (kpy/a li) (h/k80)C (329)
where y is the Griineisen constant, ¥ is the atomic mass, 3, is

the lattice spacing, and 8, is the Debye. tempersture. If y is the
A D

same for surface lgyers as for bulk layexrs, .then

) “s eDb 2 (u:)
.a.; - (E‘D—s - -(—:?; - N (330)
. b

This reiation seems %o be in rough agrecment with the available

axperimental data.

In a more complete theory, one would minimize the Helmholtz
free energy with respect to variations in the various layer
spacings. This has been done by Allen(zsa)

and by Xenner and
Allen. (2649

For the change in thermal expansion relative to the

.

buik value, they obtain the expression for the 1th layer
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- ' ! -l =1 K -1 hw 2 ) ho
. L, = kB. 33 a e (8 )1:1:;05 X 1:.;: Yy (wp) m“&f esch (ﬁ)
) (331)

h

vhere ¢ 1s the potential enorgy m&trix, wp is the pt normal mode

frequency ., yj(wy) i{g the Griineisen parameter given by

.

3Lnt
yg@w) =~ “i?%ff : . (332)

ay is the ith iaftice spacing, and 2,4 is 2 referance latticg spiac-
. ing. Kehner and Allen have carried out detailed calculations for
the (100) and (111) surifaces of Ar, Kr,.and X3 using Lennard-Jones
interactions. They find a penk'in as/db at low temperatures asscce-
iated with the disporsion of the surface modes. Thelr results for
* Xe are significantly lower than the experiﬁentai regults o? -
Ignatievs. )
An alternative formulation of surface thermal expansion has
recentiy been glven by Dobraynski and Maradudin.(zesz They evaluate
the Helmhoeltz fxree energy including nnh&rmonic taras with tho aid

of many~body theoretic techniques. Specific calculations of the

surface thermal expansion for the (100) surfice of a-iron wera b

—t

nade using the modeX of Clark et al.(az) They found that as/ab
is scopmowha® greater thaa Uity &t nigh temperatures, but ineroasns

rapidly at temperatures below SC°K.

Bt
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. FIGURE CAMTIONS

Fig. 1. Particle displacemenis of a2 surface wave 31 3 fizsd
instant of tiswe, The g dipses show the tiszn evelurien
of purticis dlisplaceninis st Jined positicns.

Fig. 4. Posltions of various saterizlc in the saagse »f the

.

4

elastic conztant ratiss ¢../¢,, sad ¢, /0. . )
10734 P ¥

stable reglon 1les 16 the right of ibs linew ﬁ;g“ﬁgg w G
and 611*2012 w G,
Fig, 3. Reduced surface wavs velogity Versug sngie batween ths

3

sirsetion of propagation and the [399] direction us.a
{30%1) surface,

Fig. 4. Attenvation constants versus angle betfvesn the direntisn
of p;apagatien and the [1001 directici on s {001) surtzce
31‘;:1:‘~ {a,

Fig. 5. Theoretical and txperimental wave veloeities vorsus
direction of propagation for the (o) surféce of Cu:
{(Aftor Rollins, Lim and Farnedl, J2f. 7).

Fig. 8. Atemic displacement amgl:;uéeg vargus vosition ir the
iattico for thz suripce mode of a diatozic iisear ctain
of 10 stoms. 7

Fig. ?; Sguared nyveal node frojuencies {in units of u(m+z}fﬁ§§

yorsus zode {adex § for aidzgtcatc tizexy ohsip of 10

N -

2toxs.
Fig. . Dispersics cuzve of reduced frequessy vorsuu reducod.
_wave pumber for surfiwe waves prnngatia; iu the {1063
. direction em the (001} suxfage of KGi. T murfece

‘wa¥s 3% sa OvAinRTy FuTiach FWrE 2 the left of the



/9
dushed line and e genevalized surfsce wave to the yight
of thiz liana,

¥ig. B, FOQUEersy versus wave‘veczcr surves jor a monatomic feo
cryﬁéal *i3E twe {111} surfsces. Tha surfaco wives are
derotod by &ﬁ, €a} Ll~lsyer orystal; (b} Brillouin
22} izyeyr erysial: (4} Zl-iaver orystal with
outersest lzvors ¢onaletiang of light adserbzd atoms,
Adutoz~host stom ress Tatie 1:5.  {(After Allen et al.,
Ref. 453, .

Fig. 10, Freguencics of iransverse optical serfaca modes versus

wava vesiny for s (001} surfase of LiF., {a) high fre-

2

quency aades; Lk iov frequency modes. {After Hliewer
anid Yudhs, FAef. §9.3

Froquennias vLrsul ¥awe vegtar a7 3 i5~layer &rystal
of Hall with two {J01} suvrfaces. The surizce wmodes are
Iaboled by Si and nized nodoy Yy L {(After Chen, )
-6% al., Rag. &73.

Inteasity versus tenperature for slectirons scatrered
from the iilé} surfacs of ¥i. {2} slese to the {001}
divectton; () closa to she [110] direction. (Aftor
BagPae, Rzf. 346.)

Mwan squere displiacomeass ¥weraus stomic layer index for

the {130} surfsces of Ni. o iz %he pesrest neighbor force

constant.

Fig. 34, Tesperaizre ﬁﬂpénéence of the surfacs-to-bulk mean
gquare displosenspl xatige for the {308), {310}, sad

- (311} suvfzces of & monatonis Foo arystal, (ifter

Aiien and Ic¥etrie. Raf, 178},




Fig.

denn square vaslocity versus atomic position for a mons~
tomic linoar chain‘of 20 atoms at PK.

Enerzy-1oss spectrum ior‘a particglay vaiue of Eg. The
line at w2 = 1 corresnunds to the suriare mode and the
broad band to tho buli modos., {(Aftor Noundy and #ills,
Ref. 200).

Iso-int%nsity curvos ig the G35 Qg piang for surfaceo
scattering and for bulk scettering. In each <aso, ibo
situations Q3 << Q1 angd Q3 >> Ql, are presented.

Extinction cross—-section ia units »f the geometrical

-eross-section versus froquency for & small spherical .

¥aCl crystal #f radius lum, {After Rupnin and kngismssp,
Ret. 71).

Absorption coefficient versus frequongy for 2 erygtal
of JdaCi 100 layevs thick. (Afigy Grimm ot 2i,, Rel,

(241). :
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